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The University of Manchester
ABSTRACT OF THESIS submitted by Bryan Rees for the Degree of Doctor of Philoso-
phy and entitled A study of planetary nebulae in and towards the Galactic Bulge.
June 2011
A planetary nebula (PN) consists of material, mainly gas, that has been ejected from a
star on the asymptotic giant branch of its life cycle. This material emits electromagnetic
radiation due to photoionization and recombination, collisional and radiative excitation
or free-free radiation. The envelope of material moves outwards from the central star
and may take one of a variety of shapes. These shapes are believed to be sculpted by the
stellar wind, magnetic elds and interactions with a binary companion. However, within
a time scale of as little as 104 years the nebula fades from view and merges with the
interstellar medium.
Similar variations in the shape of planetary nebulae (PNe) can be seen in both the
Galactic Bulge and Disc and in the Magellanic Clouds. It is therefore reasonable to
assume that the shaping process is universal. By classifying PNe by morphology and
relating those shapes to other nebular properties we have attempted to derive information
about that shaping process.
We have used photometric narrowband observations of a sample of PNe listed in the
Strasbourg-ESO catalogue of galactic planetary nebulae (Acker et al. 1992a) to investi-
gate the relationship between PN morphology and the other PN characteristics. The high
resolution images were made using ESO’s New Technology Telescope and the Hubble
Space Telescope. The information we could obtain directly from the observations was
augmented by information in the literature in order to address that question.
The observations were used to classify the morphologies of 154 PNe, to estimate
the sizes of 138 of those nebulae that we considered to lie within the Galactic Bulge,
to determine the orientations of 130 of those Bulge nebulae and to derive photometric
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uxes for the 69 PNe which had observations of standard stars made during the same
night. Information on central star binarity, nebular abundances and radial and expansion
velocity was obtained from the literature.
Our photometrically derived PNe line uxes were used to verify 59 Hβ and 69 [O]
catalogued values (which were obtained using spectroscopy). We found sufficient dis-
crepancy between the values for 9 PNe to merit a further check taking place.
We found no distinguishing relationship between PN morphology and any of PN
size, radial velocity, or angular location within the Bulge. The abundances of He and O,
and the N/O ratio, are generally lower in bipolar nebulae than in those nebulae with no
apparent internal structure. We are unable to come to any conclusion as to a relationship
between PN morphology and stellar metallicity.
Given the short lifespan of PNe and the age of the Bulge it appears that almost all
PNe in the Bulge must be associated with low mass stars. The high ratio of bipolar PNe
we found in our Bulge sample suggests that, at least within the Bulge, bipolar nebulae
are not necessarily associated with high mass stars.
Our results show that unlike the orientations of other types of PNe the orientations
of the bipolar nebulae in the Bulge are not randomly distributed. Measured to a line tip
to tip along the lobes they peak and have their mean approximately along the Galactic
Plane. This suggests that the bipolar PNe originate in a different environment from other
morphological types, perhaps related to binary separation. However, we nd that bipo-
larity does not imply common-envelope evolution. If the hypothesis that bipolar nebulae
are formed in binary star systems is correct, binary systems in the Galactic Bulge have
angular momentum vectors that are preferentially aligned along the Galactic Plane. As
the orientation appears to be unrelated to lobe size and hence nebular age, the alignment
implies that the non-random nature of the angular momentum vectors originated at the
time the Bulge stellar population formed. We suggest that it is due to the direction and
strength of the ambient magnetic elds.
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Old age does not come by itself, by God!
James Alexander Kenmure, 2008
ashes to ashes, dust to dust
Book of Common Prayer
BRYAN REES 19
Dedication
To my family and friends for their support and for their forbearance at my neglect of
them.
20 THE MORPHOLOGY OF PLANETARY NEBULAE
Acknowledgements
I would like to thank my supervisor, Albert Zijlstra and advisor, Myfanwy Lloyd, for
their help over the last four years. I would like to thank Paul Ruﬄe for providing a
Latex template to assist in the production of a thesis. I would also like to thank all
those who provided me with assistance, including those at ESO and NASA who provided
information on the instrumentation and tools.
This research has made use of the SIMBAD database, operated at CDS, Strasbourg,
France and the VizieR catalogue access tool, CDS, Strasbourg, France, and NASA’s As-
trophysics Data System Service.
This thesis was typeset with LATEX.
BRYAN REES 21
The Author
Has completed degrees by part time study up to Master of Science in Mathematics and
Bachelor of Science (First Class) in Physical Science. His research experience is detailed
in this thesis.
22 THE MORPHOLOGY OF PLANETARY NEBULAE
1Introduction
1.1 Overview
Planetary nebulae (PNe) are the ionized ejecta from evolved stars. They form when a low
to intermediate-mass star, ascending the Asymptotic Giant Branch, ejects its envelope in
a phase of pulsational instability. The remaining stellar core evolves to high temperatures
and ionizes the expanding ejecta, before its nuclear burning ceases and the star becomes
a white dwarf (Herwig 2005; van Winckel 2003). The central stars are often hidden by
the nebula. A basic outline of the life cycle of a planetary nebula (PN) is as follows:
1. Pulsations in an AGB star cause considerable mass loss, removing the great ma-
jority of the stellar envelope over a period of 104 − 105 years. During this process
helium ashes induce convective dredge-up and enrich that envelope with both He
and C. The mainly gaseous envelope has a dust/gas mass ratio that is typically 1%,
while the composition of that dust is modied by the evolution of the post-AGB
star itself (van Winckel 2003).
2. The departing envelope, now termed a planetary nebula is sculpted by processes
that may involve the stellar wind, magnetic elds within such winds, or forces
produced by the presence of a binary companion. A number of shapes that exhibit
a variety of symmetries can be formed (Balick and Frank 2002).
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3. The composition of the local inter stellar medium (ISM) changes as the PN merges
with it and can be enriched with both N and C (Stanghellini 2006).
PNe can thus assist in the understanding of the life cycle of stars from mass loss to
the enrichment of the ISM and hence the materials available for the next generation of
stars.
PNe show a large range of morphologies, ranging from slightly elliptical to highly
bipolar; very few are round. There are a number of different morphological classica-
tions such as those by Balick (1987), Manchado et al. (2000) and Parker et al. (2006).
Figure 1.1 shows some examples. Corradi and Schwarz (1995) describe a number of
differences between bipolar PN and other morphological types including size, outow
velocities and chemistry. Stanghellini et al. (2002) state that in the Disc, on average,
round, elliptical and bipolar PN morphologies occur at decreasing distances from the
Galactic Plane. Sabbadin (1986) state that PN morphology is related to the progenitor
mass and Manchado (2003) states that the Galactic distribution together with chemical
abundances suggest that round, elliptical and bipolar PN are from classes of progenitors
of increasing mass and that bipolar PN are Type I PN whereas round and elliptical PN are
of Type II. Manchado used the denition of Type I PNe given by Peimbert and Torres-
Peimbert (1983) i.e. those PNe which have N(He)/N(H) ≥ 0.125 or log (N/O) ≥ −0.3.
Type I PNe show secondary characteristics as most He and N rich PNe have a marked
lamentary structure and their forbidden lines from [O ], [N ], [S ] up to [Ne ] are very
strong (Peimbert and Torres-Peimbert 1983; Kingsburgh and Barlow 1994). Kingsburgh
and Barlow proposed that Type I PNe should be redened as those where primary carbon
has been dredged up into the envelope of the progenitor star and converted there into ni-
trogen. They considered that their redenition would provide a clearer separation of Type
I PNe from the remainder. We use the denition given by Peimbert and Torres-Peimbert.
The origin of nebular morphology is disputed. The main contenders are binarity
and magnetic elds. Magnetic elds have been detected in PNe (Sabin et al. 2007) but
may not be strong enough to affect the outows. Soker (2006) has argued that magnetic
elds also require binary companions for their origin, so that ultimately in either case the
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morphology is related to angular momentum in the stellar system.
From measuring the velocities of PNe we can obtain information on the dynamics of
the Galaxy, moreover the planetary nebula luminosity function (PNLF) can be used as a
distance indicator (Jacoby 1989; Ciardullo et al. 1989).
PNe in the Galactic Bulge are of particular interest. They are important as a means of
studying the dynamics and kinematics in the Bulge and can also be used for an abundance
analysis (Ratag et al. 1997; Boumis et al. 2003; Exter et al. 2004; Chiappini et al. 2009;
G·orny et al. 2009). The Bulge PNe do not generally have a high metallicity and as they
form from an elderly stellar population they must originate from stars that had a low
to intermediate initial mass. Bulge PNe are also at a known distance from us, which
is generally taken to be about 8 kpc. Various criteria must be used to determine Bulge
membership and these are discussed in § 3.2.
While much of the Bulge is shrouded in dust and there are also problems due to
interstellar extinction there are some clear lines of sight that allow studies to be carried
out (Boumis et al. 2003).
In Section 1.2 we briey describe the processes involved in the PN phenomenon,
from the enrichment of the stellar envelope by nuclear processes, through its loss and
shaping, to its enrichment of the ISM; as it were, a PN from the cradle to the grave.
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Figure 1.1: A classification of PNe by shape. Low ionization regions have been shown in red in
the colour images. This is Figure 1 of Balick and Frank (2002) and the names of the objects and
the references to the original sources of the images are given there. However, the two butterfly
nebulae shown are not PNe. Frew and Parker (2010) state that the one shown on the left (M 2-9)
is the outflow from a Be star and the one shown next to it (He 2-104) is a symbiotic nebula. Other
authors consider M 2-9 to be a symbiotic nebula (Corradi et al. 2011).
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1.2 The evolution of the planetary nebula phase
1.2.1 The AGB star
The conception of a PN takes place in a star destined to become an AGB star (Habing
and Olofsson 2004, pp. 2731). Each main sequence star with 1M¯ < M . 8M¯ de-
velops into an asymptotic giant branch (AGB) star with H and He burning taking place
in thin shells around the core, and ends up as a carbon-oxygen white dwarf (WD) core.
Those of higher initial mass, up to ∼ 12M¯, become super-AGB stars and may end up
as O-Ne-Mg WD cores or possibly as neutron stars (Herwig 2005; Werner and Herwig
2006). However, van Winckel (2003) suggests that it takes too long for a 1M¯ star to
reach the temperature required to produce sufficient ionizing radiation to form a PN. The
circumstellar material it had previously ejected is too dispersed. Figure 1.2 shows the
HR track of a 2M¯ star and Fig. 1.3 shows the nal stages of the HR tracks of 1M¯,
3M¯ and 7M¯ stars.
Carbon burning cannot take place in the core of stars with an initial mass < 8M¯
and after He burning such stars are left with a contracting electron-degenerate C-O core
surrounded by a He-burning shell, a thick intershell region consisting mainly of He, a H-
burning shell and the convective envelope respectively with increasing radius. The core
is in effect an ∼ 0.5M¯ to 1M¯ white dwarf star imprisoned within a highly extended
stellar envelope that can have a radius of several hundred R¯ (Herwig 2005; Karakas and
Lattanzio 2007). According to Werner and Herwig (2006) double shell burning on de-
generate cores is unstable and Karakas and Lattanzio (2007) tells us that the He-burning
shell is thermally unstable. The AGB star experiences He-shell ashes, thermal pulses
with peak luminosities of ∼ 108L¯ and the released energy results in a temporary convec-
tive instability that lies within the region between the He- and H-burning shells. Herwig
(2005) refers to this unstable region as the pulse-driven convective zone (PDCZ) whereas
Cristallo et al. (2009) talk in terms of a thin 13C pocket formed at the transition between
the core and the envelope after every Third Dredge Up (see below). The interaction be-
tween the pocket and convection in the stellar envelope allows material to be exposed
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Figure 1.2: An H–R diagram for a solar metallicity 2M¯ star. Note that for clarity the blue track,
which shows a born-again evolution caused by a very late thermal pulse, is displaced from its
correct position by ∆ log Teff = −0.2 and ∆ log L/L¯ = −0.5. The number adjacent to each phase
is the logarithm of its approximate duration in units of 103 yr. The durations change inversely
with mass. Reproduced from figure 1 of Herwig (2005).
repeatedly to alternate He and H burning (Werner and Herwig 2006). Figure 1.4 shows
the time scale involved for the thermal pulsing in one of the models produced by Herwig
and Austin (2004) as referred to in Herwig (2005). The time scale varies with the stellar
mass and metallicity and Karakas and Lattanzio (2007) suggest a periodicity of about
104 years. They also state that due to convection the entire envelope is exposed to the
H-burning shell several thousand times during each interpulse period.
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Figure 1.3: Late stage H–R diagrams for 1M¯, 3M¯ and 7M¯ stars. The figures in brackets are
the initial stellar mass followed by the final stellar mass whereas those along the tracks are the
timescale in units of 103 yr. The bottom panel shows a born-again evolution caused by a late
thermal pulse. Reproduced from figure 2 of van Winckel (2003).
BRYAN REES 29
1: INTRODUCTION
Figure 1.4: The fourteenth and fifteenth thermal pulses separated by the interpulse phase as
obtained in a model by Herwig and Austin of a 2M¯ star with metallicity, Z = 0.01. The solid
red line is the “mass coordinate of the H-free core”. The convective regions are shown in green.
Figure 3 of Herwig (2005)
Convection can bring material from those regions that have endured nucleosynthesis
up to the surface of the star, a phenomenon called dredge-up. The three types of dredge-
up are described in Herwig (2005) and Habing and Olofsson (2004) and are as follows.
First Dredge-Up: This occurs during core contraction after the end of H-burning in the
core. It enriches the envelope with 4He, 14N, 13C and other products of the CN
cycle.
Second Dredge-Up: This occurs during contraction after the end of He-burning in the
core and similar enrichment to that during rst dredge-up takes place. This only
takes place for stars with initial mass M & 4M¯ (Habing and Olofsson 2004).
Third Dredge-Up (TDU): A number of these can occur after the He-ash during each
of the thermal pulses. The radiative opacity is changed due to a chemical disconti-
nuity at the boundary of the convective zone. The zone below it becomes unstable
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and convection penetrates into the intershell region (Cristallo et al. 2009). In this
way the TDU enriches the envelope with the products of primary nucleosynthesis
from both the H-shell and He-shell burning. These include He, C, and s-process
elements. Herwig (2005) tells us that many species reach the surface of a star with
extremely low metallicity, including O, 22Ne, 23Na, 25Mg and 26Mg. Habing and
Olofsson (2004, p. 45) suggest that 19F, 14N, 26Al and 27Al may also be produced in
this way and point out that the dredged up material passes through the H-burning
shell during subsequent cycles. Herwig (2005) also points out that due to the high
(∼ 5 − 10) C/O ratio in the intershell region, each pulse enriches the envelope C/O
ratio. When that ratio eventually exceeds unity the star is designated a carbon star.
Cristallo et al. (2009) tell us that the C/O ratio increases with decreasing metallic-
ity.
Another phenomenon involved in creating nuclei occurs in massive AGB stars. Con-
vection in the envelope digs into the outer layer of the H-burning shell thus enhancing
that shell’s fuel supply and producing an overluminosity of the star. Termed hot-bottom
burning (HBB), it also converts C into N, preventing carbon star formation until the mass
loss from the AGB star has reduced sufficiently for HBB to become inefficient. The initial
mass required for a star to endure HBB increases with its metallicity (Herwig 2005).
Slow neutron capture (the s-process) occurs in (mainly low-mass) AGB stars. The
origin of half of all elements heavier than iron, it also produces lighter elements and is
a determinant of the isotopic ratios. For those with atomic weights between 90 and 204,
the process takes place in either of two neutron source locations within the star. The rst
is where partial mixing in the intershell layer after a He-shell ash produces a pocket
which contains both 12C and protons. The neutron densities there are low (log Nn ∼ 7)
but the source lasts for thousands of years during the, dormant, interpulse period. The
second source results from the 22Ne (α, n)25 Mg reaction during the high temperature con-
ditions of the He-shell ash. Its neutrons are produced in a short burst, that produces a
high neutron density (log Nn ∼ 9 − 11) but that density tails off after a few years. There
is a decrease in s-process efficiency as the star evolves along the AGB (Herwig 2005;
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Cristallo et al. 2009).
Figure 1.5 shows a classication of stars by mass produced by Herwig and indicates
which processes may occur.
Figure 1.5: A classification of stars by initial mass. The lower part is for the main sequence
and the upper part is for the AGB. The masses shown at the bottom are those that approximately
delimit the different regimes. Figure 2 of Herwig (2005)
1.2.2 The outflow from the AGB star
As it can extend out to hundreds of solar radii, the envelope of an AGB star is extremely
tenuous although it may have a mass several times that of the Sun. Its average density
is only ∼ 10−3 that of the Earth’s atmosphere at sea level. The gravitational force trying
to retain that envelope is opposed by the radiation pressure trying to disperse it and the
mass loss is generally considered to be due to a dust driven wind in which momentum is
transferred from radiation to the dust grains and from dust grains to the gas. There are
condensation radii in the envelope which depend on temperature and density. Too close
to the star and the high temperatures prevent the dust grains condensing whereas too far
from it, the density of the wind is too low to permit condensation. MgSiO bearing grains
form in the dust condensation shell if the environment is O-rich whereas SiC and amor-
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phous carbonaceous particles form there if it is C-rich. Pulsations drive the dust and so
the gas, outwards by means of the shock fronts injecting kinetic energy into the envelope
as they move outwards (Mattsson et al. 2007a,b; Zijlstra 2006). But Zijlstra (2006) states
that the pulsations alone can produce mass losses of ∼ 10−7M¯ yr−1 and that the loss is
magnied by the radiation pressure on the dust. Mattsson et al. (2007a) state that there is
a high sensitivity of the density in the dust forming region to the pulse velocity that could
enhance the transfer of momentum and so produce higher wind velocities.
There is variation in mass loss over several time scales. A slow increase in M over
about 106 yr is interspaced by sharp increases for short periods at 104 − 106 yr intervals
(depending on the core mass) due to the thermal pulses. Multiple thin shells are found
around many PNe (Corradi et al. 2003). Mattsson et al. (2007a) claim that each of these
shells is formed as a result of a He-shell ash where a fast wind combined with an asso-
ciated eruptive mass loss interacts with a slow wind to eject matter. Each event being
followed by a lull before a steady wind is re-established. The multiple rings suggest a
102−103 yr variation but there is also a decadal variation in extinction seen in both C-rich
and O-rich stars, which could be due to clumping of the dust (Zijlstra 2006). The Cat’s
Eye Nebula (Fig. 1.6) is one example of a PN that has these structures.
Alternative views exist however. In particular that the momentum transfer mechanism
doesn’t operate efficiently in O-rich stars. Also, even though amorphous carbon in C-star
envelopes can exist very close to the star and is opaque both in the optical and near-IR
wavebands, there is no condensate in O-star envelopes with those characteristics (Woitke
2006). That author’s modelling of O-star atmospheres produced a layer of glassy Al2O3
close to the star with more opaque MgFe silicates further out and with the degree of Fe
condensation restricted to below 17% due to temperature and density sensitivity. Woitke
claims that:
1. the Fe-rich condensates are the only ones sufficiently opaque at about 1µm to effi-
ciently absorb the star’s radiation;
2. those condensates are too far out to provide efficient mass loss due to momentum
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transfer; and
3. radiative cooling of the gas is too efficient for pulsations to drive the loss, even in
combination with radiative momentum transfer.
On the other hand, Bowen and Willson (1991) state that substantial mass loss can occur
even if there is little or no dust but at a small fraction of the rate with dust present. They
say that the superwind is merely delayed until the stellar radius, scale height and wind
density reach sufficiently high values.
Figure 1.6: The Cat’s Eye Nebula, which has concentric shells, jets and knots (Harrington et al.
1995).
Strong magnetic elds are another possible mass loss mechanism. Such elds do
exist in stars that form PNe, (Vlemmings et al. 2005; Sabin et al. 2007), but how they are
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generated remains problematic. Jordan et al. (2005) claim that they detected such strong
magnetic elds in their study that magnetic ux must be lost during the period over which
the central stars become WD. However their sample size of four central stars of planetary
nebulae (CSPN) is small and so may be unrepresentative of the population. Matt et al.
(2004) suggest that the mass loss mechanism forming the PN might be different from
that forming the spherical shells. They postulate an explosive magnetic outburst at the
end of the AGB phase as the mechanism that produces the exotic shapes of PNe, an
outburst that consumes the whole of the remaining envelope. Soker (2000) suggests a
combination of factors. A magnetic activity cycle, like the sunspot cycle, could form
concentric shells with the correct periodicity around AGB stars whose rotation speed has
been increased by binary companions. He postulates that where this speed change occurs
due to tidal interaction a bi-polar nebula will be formed, whereas an extreme elliptical
PN will form if it occurs via a common envelope. But he considers that while a stellar
magnetic eld can regulate mass loss it cannot cause it and in Soker (2006) he argues that
the main cause of the PN shaping is the binarity rather than the magnetic eld. Nordhaus
and Blackman (2006) suggest that an isolated star might not be able to provide sufficient
Poynting ux throughout the AGB phase. They also point out that studies now suggest
that most observed PNe are due to binary interaction. Their paper studies the effect of
a low mass companion embedded in the envelope of a 3M¯ star and they found three
methods that could expel the (common) envelope either singly or in combination.
1. Common envelope (CE) interaction could expel the envelope without the assistance
of magnetic elds in the case of a sufficiently massive (0.15M¯ in the case studied)
companion.
2. Whereas the rst method could not provide sufficient power to form the bipolar
features observed in many PN unaided, a companion could add sufficient differen-
tial rotation to the CE to increase the Poynting ux to a level where it could expel
the envelope within a few years.
3. If the envelope is not expelled by either of the above methods the companion will
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be shredded by tidal forces as it approaches the core. It will form an accretion disc
and the observable outows from such a disc would last longer than those from the
dynamo effect mentioned above.
Nordhaus and Blackman (2007) suggest that while the mass loss is quasi-spherical in the
rst case, it is a collimated bipolar ow in the magnetically driven (second) case.
There are wide discrepancies in the estimates of the number of PNe in the Galaxy. de
Marco (2006) points out that if PNe can only be made by post-common envelope stars
then the predicted number of Galactic PNe lines up with observations, whereas if they
can also be formed by single stars and more separated binaries, many more PNe exist
that have not been observed. Miszalski et al. (2009a) searched for binary systems within
PNe located in and towards the Galactic Bulge. They found a value of 21.3 percent
for the proportion of identied short period binary systems (the binary fraction) in PNe
where the CSPN could be identied and a value of 12.9 percent if likely CSPN identi-
cations were included. Approximately 3 000 PNe have been discovered in surveys but
estimation methods produce values between 6 600, which is based on the assumption
that only common-envelope binaries produce PNe, and 140 000. However, faint, distant,
PNe are hard to nd and any census encounters problems due to extinction, mimics and
symbiotics (Jacoby et al. 2010).
1.2.3 The protoplanetary nebula or post-AGB star
van Winckel (2003) takes post-AGB stars (also known as protoplanetary nebulae or
pPNe) to be those former AGB stars with initial mass M ≤ 8 − 9M¯ and de Marco
(2006) states that they are supergiants whose spectral type lies between G and B. These
stars have undergone high mass loss rates, after which Teff has increased while L has
remained fairly constant at about 103 − 104L¯. A post-AGB star emits radiation over a
broad waveband but its temperature is not yet sufficient for it to ionize the circumstellar
matter (CM) and so provide a PN. de Marco (2006) cautions that a PN might still occur
where the AGB star is too cool if that star has a hot WD companion. The CM is essen-
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tially gaseous, with a typical dust/gas mass fraction of ∼ 1% and the time taken until a
PN is produced by its ionization can be as short as ∼ 30 years for an ∼ 8M¯ central star.
In contrast, at the low end of the initial mass scale the increase in Teff takes so long that
the CM becomes too diffuse to produce an observable PN. There is thus an observational
bias towards PNe shrouding high mass post-AGB stars on the one hand and exposed low
mass post-AGB stars on the other (van Winckel 2003).
The post-AGB phase is short so such stars are rare and most studies are of individual
objects with statistical research infrequent. But it is possible to study the photosphere
where the central star is exposed and this has revealed chemical diversity. Only some of
the stars show the range of chemical species expected from the processes suggested by
AGB modelling. Overabundances of s-process elements are found in the photospheres of
C-rich post-AGB stars but do not occur in the O-rich versions. The species found vary
with the metallicity and likely initial mass of the star and so upon its dredge-up history
on the AGB (van Winckel 2003).
According to van Winckel (2003), the gradual hardening of the star’s radiation, com-
bined with the expansion of the CSE, modies the composition of the dust. Chemical
reactions due to shock waves can also occur, as does photodissociation when Teff rises
sufficiently. The condensation sequence is very different in C-rich and O-rich envelopes
due to the stability of molecular CO, so the C/O ratio on the AGB is important chemi-
cally. There is a strong 21 µm signature that is only present in C-rich post-AGB stars and
in those stars where this occurs there is also an abundance of s-process elements. How-
ever, silicates dominate the CSE of the O-rich stars and both amorphous and crystalline
forms are present. For evolved pPNe the crystallinity is typically around 5 − 10% but is
higher where the dust lies in a disc and can reach 60 − 80%. Nevertheless, objects have
been found where both O-rich and C-rich features are present. For example, crystalline
silicates, OH and CO2 have been observed in disc sources such as the Red-Rectangle, a
C-rich reection nebula (Waters et al. 1998). On the basis of absorption lines of these
chemicals Waters et al. consider that the O-rich material lies near the central star and
that the most likely location is the circumbinary disc. They therefore consider that the
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disc is the residue of a considerable mass transfer or loss while the star was still O-rich.
Perea-Calder·on et al. (2009) agree with that conclusion having discounted a number of
other mechanisms. However, Guzman-Ramirez et al. (2011) found a strong correlation
between the presence of polycyclic aromatic hydrocarbons (PAH) and the presence of a
dense torus.
It appears that dust discs are not rare. de Ruyter et al. (2006) studied the spectral
energy distributions (SED) of 51 post-AGB stars and found that dust occurred at or near
its sublimation temperature and, whatever the value of Teff , very close (< 10 AU) to the
central star . They argue that this means that the dust is gravitationally bound in the form
of a Keplerian disc as otherwise the outow would have pushed the dust out to cooler
regions. Van Winckel (2007) says that the discs in question were all O-rich and with no
photospheric evidence for thermal pulse dredge-up he suggests that the AGB chemical
evolution for each of these stars was terminated by binary interaction. He also points out
that as the search was in the IR, it was biased towards objects with hot dust. Deroo et al.
(2006) attempted to resolve two of the 51 objects using the VLTI/MIDI instrument. They
succeeded with HD 52961 for which they derived an N-band (7.5 to 14.5 µm) location
extending to between 50 and 80 AU but not with SX Cen, which implies that its disc lies
within . 18 AU. They claim that with no evidence for dust mass loss a Keplerian disc is
the only plausible solution.
Dissociation takes place in the photodissociation region (PDR) and the hardening of
the star’s radiation is the likely cause of an increase in radicals and in ion chemistry
products such as CN, HNC and HCO+ as the star moves from the AGB to post-AGB
to PN (Bachiller et al. 1997). Whereas H2 is not observed in AGB stars, it is found in
post-AGB stars and the rovibrational line S (1) v = 1 → 2 at 2.122 µm indicates the
presence of a shocked region. CO2 has been observed in disc sources such as the Red-
Rectangle (Waters et al. 1998). A greater variety of molecules have been detected in
C-rich post-AGB stars. Maser emission generally occurs during mass-loss from O-rich
AGB stars from SiO, H2O and OH (in order of increasing radius) (van Winckel 2003).
van Winckel tells us that the rst two types of maser disappear quickly after the star leaves
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the AGB. Although H2O masers have been found in PNe, these may arise from jets or the
interaction between jets and discs rather than being AGB water masers (Miranda et al.
2011).
Where a post-AGB star goes through a born-again stage to return to the AGB, the
chemical abundances have been observed to change. More generally, those AGB stars
that undergo a late thermal pulse end up with a hydrogen deciency in their post-AGB
composition (van Winckel 2003).
1.2.4 Shaping a planetary nebula
The proposal of a PN being produced due to a fast but tenuous stellar wind from the
central star overtaking a dense, cool, stellar wind it produced at an earlier stage in its
evolution goes back to 1978. Kwok et al. (1978) argued that the fast wind cannot diffuse
through the slow wind because the mean free path at the collision interface
l =
(
4piµmHV
σ M
)
r2I (1.1)
(where σ is the cross section for the collision, rI is the radius of the interface and V
and M are the velocity and mass loss rates at the earlier stage) is too small. Instead, a
shell of compressed gas is built up, which due to the pressure from the fast wind on one
side and that of the gas in the slow wind on the other, attains a constant velocity while
increasing in mass (Kwok et al. 1978; Icke 2003). While the mass loss from the star
drops quickly
(
10−8M¯ yr−1
)
as the star leaves the AGB to become the central star of a
PN it does not stop. Simultaneously, the wind speeds rise by a factor of ∼100 to about
103 km s−1, because when the temperature of the central star rises to above 25 000K not
only does the radiation ionize the ejecta but the enhanced radiation pressure drives the
wind (Balick and Frank 2002). The interacting stellar wind (ISW) model for producing
shells is also supported by Sch¤oier et al. (2005) on the basis of their modelling of radiative
transfer around carbon stars. Their model shows the masses of both dust and gas in a
shell rising and its velocity decreasing as the shell’s radial distance from the central star
increases. They suggest that this is due to the shell acquiring matter from a surrounding
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medium. Contreras et al. (2006) talk of Bubble-like structures with dense walls and
tenuous interiors, presumably excavated by jet-like winds.
Balick and Frank (2002) suggest that there may be a multiplicity of processes shaping
PNe with the importance of each varying during the PN’s evolution. They describe two
systems in use for classifying PNe morphology. The rst determines the highest degree
of overall symmetry of the nebular interior to be one of:
1. axisymmetric: symmetric about both the major and minor axes;
2. reection symmetric: symmetric only about the minor axis;
3. point symmetric: symmetric about the centre of the nebula; or
4. asymmetric.
The second system classies PN outlines as round (R), elliptical (E), Bipolar (Bp) or
irregular but these categories are not distinct. There are intermediate forms between R
and E, and between E and Bp, and projection effects must also be allowed for (Fig. 1.1).
Balick and Frank (2002) and Corradi (2006) all state that Bp nebulae are more likely to
be evolved from higher mass stars than are the other types. But there are many such PNe
in the Bulge (see §5) where the CSPN are likely to be of low mass. There are variety
of classication systems in use but classication itself is difficult. As well as projection
effects (a Bipolar nebula will look very different when viewed end on than it would
viewed sideways on), it depends on factors such as the sensitivity of, and the waveband
used for, the observations (Kwok 2010).
Corradi (2006) also claims that the collimation of the outows increases with increas-
ing initial stellar mass and lists the three main features of a well-behaved PN:
1. A bright rim produced by the interaction of the fast and slow winds compressing the
stellar ejecta. Usually thin and expanding due to the pressure difference between
the fast wind and the surrounding matter.
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2. A thick shell produced by the shock of the ionization front changing the density
distribution of the circumstellar matter. The speed of sound and the density gradi-
ent of the AGB wind determine its expansion.
3. The halo, which is a relatively faint extended shell of ionized AGB ejecta. Limb
brightening occurs that may be due to the nal thermal pulse of the AGB star.
These are marked on an image of NGC 2022 shown as Fig. 1.7.
Figure 1.7: Three main features of a PN marked on an [O] image of NGC 2022. Reproduced
from part of figure 1 of Corradi et al. (2003).
An illustrative time scale for the production of the rim is provided by Steffen and
Sch¤onberner (2006). After about 1 500 years of post-AGB evolution an ionized shell
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is formed at the interface between the fast and slow winds and a hot bubble is formed
immediately behind it due to the inner shock of the fast wind. As the central star heats up
the ionization-driven shell expansion accelerates and by 4 000 years the ionization front
has separated off and during its outward motion has heated up the surrounding matter
making it optically thin. The maximum density is now at the inner edge of the nebula,
now termed the rim to distinguish it from the outer part, which is now called the shell.
The expansion of the rim depends on the stellar wind strength and the density of the
surrounding shell whereas the expansion of the shell is mainly set by the gradient of the
slow wind.
Sub structures can be found within the overall shape that are far clearer in [N],
[S] and [O] emission lines than they are in those of [O] and Hα (Gonc‚alves 2004).
Termed Low Ionization Structures (LIS), these include knots (or globules), ansae, jets
(thin features with no signs of widening), BRETS (Bipolar Rotating Emission Line Jets)
and FLIERS (Fast Low-Ionization Emission Regions). Highly collimated outows are
sometimes seen and amongst those pPNe and PNe that are not round, discs and tori
are almost omnipresent. BRETS are thought to be precessing jets. FLIERS consist of
symmetric pairs of knots with opposing (supersonic) Doppler shifts of ≥ 20 km s−1 and
the implication drawn is that they are kinematically younger than the surrounding gas.
Knots form in large numbers e.g. there are around 20 000 in NGC7293, and in organized
patterns. Consisting of dense molecular gas and lying at the boundary of the ionized gas,
they often have cometary tails pointing radially away from the central star and may be
formed by the fast wind fragmenting a swept up shell (Balick and Frank 2002; Huggins
and Frank 2006; Matsuura et al. 2009).
The density contrast between the LIS and their environment is small and the LIS are
the result of photoionization rather than shocked material (Corradi 2006; Gonc‚alves et al.
2004). A faint, and usually round, halo often surrounds the bright interior of a round
or elliptical PN but halos can also form concentric rings or arcs. Smooth or slightly
mottled they are thought to be the projections of spherical bubbles (Balick and Frank
2002).
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Balick and Frank (2002) claim that the expansion of both the R and E nebulae classes
is almost uniform. They say that the velocity of smooth slow wind bubbles scales with
distance whereas the bright rims on their inner edges move faster suggesting that they are
colliding with material. They also state that:
1. the kinematics of many PNe and pPNe appear to be Hubble Flows i.e. the expan-
sion speed is proportional to the radius;
2. E-type PNe usually remain as such but their radial expansion is usually faster along
their (projected) symmetry axis than in their equatorial plane;
3. Bilobed (but not buttery) nebulae follow that same pattern;
4. most buttery PNe are associated with symbiotic stars and/or massive nuclei and
attain their shape in a brief event that is followed by an apparently ballistic expan-
sion; and
5. whereas pPNe surrounding AGB stars are usually isotropic, those around post-
AGB stars tend to be axisymmetric.
However, Gesicki et al. (2003) found turbulence around [WC]type CSPN.
The changes in shape and stellar mass loss rate tend to go hand in hand with a change
in the infrared (IR) colours and SED coupled to a change in the mass loss mechanism
as the star moves from one state to the other (van der Veen and Habing 1988; van der
Veen et al. 1989; Kwok 1993). However, as the pPNe become PNe and as the PNe
mature there is an apparent simplication of morphology over time suggesting (Balick
and Frank 2002) that:
1. GISW models are unable to account for the higher order symmetries.
2. The winds that form the structures may not be isotropic.
3. Fast winds, hot bubbles and ionization fronts eliminate many of the structural de-
tails.
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If the shape of the dense gas around the central star is assumed to be a disc or torus
the structure could channel the fast wind and so provide an explanation for bipolar mor-
phology (Kwok et al. 2000; Reimers et al. 2000). Icke (2003) argues that symmetric
multipolar shapes will occur if the disc or torus is warped and states that according to
Livio and Pringle (1996, 1997), if a warped disc were to precess it could produce a point
symmetric nebula. Icke found that he invariably obtained point-symmetric shells that
were multipolar then varying the following parameters of his model of a warped, wedge-
shaped cross-section disc:
1. the tilt of the inner disc;
2. the density contrast between the disc and the wind; and
3. the speed of the fast wind,
Those parameters all relate to where the wind leaves a central sphere. He determined that
in order for the mechanism to work, the gas would need to be highly compressible. In
that case, a bow shock develops as the wind reaches the inner edge of the disc. One part
of the shock forms a lobe of the nebula and the other, enriched with material from the
disc, produces smaller but unstable lobes. If the disc density is no more than 150 times
that of the wind, the wind eventually passes through it and another set of lobes is cre-
ated behind the rst set (Icke 2003). The compressibility of the gas requires that it be
cooled efficiently. This is true for molecular but not for ionized gas so his model implies
molecular ejecta.
According to Balick et al. (2001) the concentric rings around the Cat’s Eye Nebula
(see Fig. 1.6) are almost certainly spherical bubbles due to mass loss during stellar pulsa-
tions during the AGB stage. However, they say that the launch-time separation of ∼ 1 500
years mean they cannot be formed by the thermal pulsations that occur ∼ 105 years apart
or by the surface pulsations every ∼ 10 years.
Reimers et al. (2000) suggest that the ISW is inadequate to explain the shaping of
elliptic PNe. Angle-dependent mass loss can be explained by a binary companion or
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planetary system or by a fast rotation. They explain off-centre central objects by the
shell of the PN becoming coupled to the ISM and the central object moving away or by
an interaction with a binary companion. The small scale substructures are explained as
being produced by subsequent ejections of matter from the AGB by the superwind. Matt
et al. (2004) suggest that the ISW model does not t recent observations because:
1. The highly structured nature of the material ejected during the pPN phase suggests
a multiplicity of ejection axes.
2. The spherical shells that often surround PNe and pPNe suggest a spherically sym-
metric AGB wind.
3. The momentum of a pPN outow is often orders of magnitude greater than can be
explained if radiation pressure were the driving force.
4. The observed ows often have a Hubble ow expansion (v ∝ r) while the pPN is
short lived. This suggests a high initial acceleration followed by a ballistic phase
in which the winds are transient and erce.
They suggest a quasi-explosive mechanism based on the twisting of magnetic elds that
are anchored to the core. Their model shows magnetic elds that expand faster toward the
polar and equatorial directions and the magnetic pressure sweeps the material outwards
from the core, which slows in rotation as its rotational energy is converted into radial
convective energy in the envelope. By adjusting the rotation, escape and Alfv·en speeds
in their model Matt et al. produced various shell shapes. They suggest that such a mech-
anism occurring at the end of the AGB phase could solve all the four problems listed and
would extract all the rotational energy of the core in 100 years, which is comparable to
the lifetime of a pPN. Frank (2006) suggests that even magnetohydrodynamical (MHD)
and Magneto-Rotational Launch (MRL) models require the presence of a binary com-
panion and wonders whether most PNe are formed in binary systems. Frank also points
out that the shapes of evolved PNe differ considerably from those of young PNe and asks
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whether this is observational bias or an indication that the forces shaping PNe change
with time.
1.2.5 Deformation by the ISM
Deformation of the PN as the central star moves through the ISM was considered by
Villaver et al. (2003). Their hydrodynamic model suggested that the CSE of a star moving
through the ISM at 20 km s−1 becomes highly asymmetric with the largest portion trailing
in the wake of the star. The thickness of the forward portion of the outer shell can be
increased by the last two thermal pulses but if the ISM has a density of 0.1cm−3 this
thickening is delayed and smaller than if its density is 0.01cm−3. When comparing the
shell of a PN around a star moving through the
(
0.1cm−3
)
ISM with that of one that is
stationary, their model found the halo of the PN in the former case to be much smaller
and to be displaced from the central star; see Fig. 1.8.
Figure 1.8: A model of the deformation of a PN moving through the ISM. The gas density of the
PN of the star at rest is to the left and that of the moving star to the right. The PN is shown at
the age of 2 500 yr, and moving through a region of the ISM with density 0.1cm−3 at 20 km s−1.
Figure 3 of Villaver et al. (2003)
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Wareing et al. (2006) modelled the PN Sh2-188, which is believed to be interacting
with the ISM. They used the ISW model combined with a third wind to simulate the
movement through an ISM with a density of 1cm−3, i.e. 10 times the density used by
Villaver et al. (2003). The relative speed of 125 km s−1 that they used was the best match
to the observations of the PN as determined by Wareing (2005). Like Villaver et al. they
attribute the bright shell of the PN to an adiabatic shock. Due to the motion of the star the
upstream part of the shell has higher density than the remainder as it is the rst to reach
the wind bubble from the AGB phase. They give the following progression:
12 500 years after the start of the AGB phase A bow shock is formed ahead of the
AGB star as the slow wind is compressed and reshaped by interaction with the
ISM.
25 000 years after the start of the AGB phase Tails are forming behind the nebula from
material forced downstream from the bow shock due to ram pressure.
37 500 years after the start of the AGB phase The tails appear to join and the system
is stable. The temperature of the shocked and compressed ISM at the tip of the
bow shock is about 200 000 K. It is much hotter than the shocked, lower density,
AGB material, which has a temperature of only a few thousand K and which cools
as it ows ‘backwards’ past the star (and which is constantly being replaced by the
stellar wind).
Wareing et al. (2006) also suggest that the mass being lost downstream of a moving PN
could explain why only part of the mass lost from an AGB star is believed to remain in
the pPN.
1.2.6 Symbiotics and other mimics
All that glitters is not gold. There are processes that produce objects that are similar in
appearance to PNe. Those objects include H regions, reection nebulae, circumstellar
nebulae and supernova remnants (Frew and Parker 2010). Those authors give a list of
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twelve categories of mimics together with suggestions for weeding them out. We have
taken the list of observations that form our data set at face value however, i.e. as observa-
tions of PNe. Although, after visual inspection, we did exclude PN G 004.5+06.8 which
is listed as a supernova remnant in the SIMBAD database.
1.2.7 Chemistry and its effect on the ISM
The abundances of O, Ne, Ar and S should be no different in PNe than in the region of
the ISM where the central star was formed and so on average do not change the ISM,
(Exter et al. 2004; Magrini 2006; BernardSalas 2006), unlike the quantities of He, C
and N, which are modied (Magrini 2006; BernardSalas 2006). Exter et al. (2004) say
that the quantity of Ne is related to that of both O and H in Galactic Bulge PNe and
similar relationships exist for both S and Ar for both Bulge and Disc PNe. They found
no difference in the proportion of either He or O between the two populations of PNe and
no evidence for the O depletion expected in Type I PNe due to the ON cycle during the
second dredge-up. They also found no difference in the mean N/O ratio between Bulge
and Disc PNe. But it should be noted that they excluded from their study those PNe that
they considered to be incompletely ionized.
Pottasch and Bernard-Salas (2006) compared values for the abundances of N, Ne, S,
Ar, O, C, and He in PNe with those obtained from HII regions, the Sun and for N, O and
C, young stars of spectral class B and O. They assumed the 26 PNe in their sample to
have circular orbits around the Galactic Centre and so to have remained in a reasonably
constant environment. However, as the PNe were selected mainly on the basis of strong
IR emissions they were nearby and this could be considered as an observational bias. UV
observations were also used in order to determine the carbon abundances of 23 of the
PNe. They found no difference in the abundances of Ne, S, Ar and (for most PNe) O
between the PNe and HII regions lying at the same galactocentric distance, which sug-
gests that their assumption of circular orbits was reasonable. They found a galactocentric
gradient of −0.085 dex kpc−1 based on the Sun being 8 kpc from the Galactic Centre.
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They also found that, apart from S, those abundances at 8 kpc matched the solar abun-
dances. The solar abundance for sulphur was found to be about twice that in the PNe
and the HII regions. However, they caution that Asplund et al. (2005) found a different
solar Ne abundance to the one that they used. They found evidence of O-burning in four
of the PNe that also showed high He abundances and which had higher N abundances
than O abundances. The other PNe had He abundances ranging from just below solar
(at He/H = 0.088) to just below twice solar (at He/H = 0.15), with the N abundance
being proportional to that of He and increasing from around solar to about 10 times solar
abundance. There was a large scatter in their results for carbon and they put this down to
carbon being created during the evolution of some PNe whereas it is destroyed during the
evolution of others. Carbon depletion was found to have taken place for 3 of the 4 high
mass PNe whereas they considered that half of the remaining 22 were almost certainly
enriched in C. The elemental abundances they found are shown in Table 1.1.
The values for the abundances that we used in our study of morphology are from Chi-
appini et al. (2009); G·orny et al. (2009) and the associated catalogue in VizieR (Ochsen-
bein et al. 2000). See Section 6.3 and Appendix F.
Molecular gas has been observed around PNe in structures such as pockets, rings and
shells within and around the ionized gas. These have been found to contain CO, 13CO,
CS, CN, HCN, SiO, SiC2, H2CO, HNC, HNCO, HCO+, CH3OH, and HC3N, and are
suggestive of an evolution from AGB to PNe (Balser and McMullin 2006; Bachiller et al.
1997). Bachiller et al. (1997) say that these molecular islands are subjected to both UV
radiation and shocks from the fast wind from the central star. They observed seven ob-
jects including pPNe and both young and evolved PNe and found that as a pPN developed
into a PN, the abundance of HCO+ increased a hundredfold, and that of CN, fourfold.
However, the abundances of CS, HC3N, SiO and SiC2 declined and disappeared. They
found no change in the abundance of HCN and the uncertainties in that of HNC were too
large for them to reach a conclusion. In the evolved PNe they found abundance ratios
of CN/HCN = 9, HNC/HCN = 0.5 and HCO+/HCN = 0.5, which they say are re-
spectively, one, two, and three orders of magnitude higher than in the prototypical AGB
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Table 1.1: Some elemental abundances (by number density ratio) in PNe. From Table A.1 of
Pottasch and Bernard-Salas (2006). The uncertainties in the values are discussed in that paper
and references to other original publications are given in that table.
.
PNe He/H C/H N/H O/H Ne/H S/H Ar/H Distance R†
×10−4 ×10−4 ×10−4 ×10−4 ×10−5 ×10−6 (kpc) (kpc)
BD+30 3639 7.3 1.1 4.6 1.9 0.64 5.2 1.0 7.6
Hb 5 0.130 11.5 6.6 1.8 1.2 6.3 3.2 4.8
He 2-111 0.185 1.1 3.0 2.7 1.6 1.5 5.5 2.5 6.2
Hu 1-2 0.127 1.6 1.9 1.6 0.49 0.42 1.1 1.5 7.9
IC418 > 0.072 6.2 0.95 3.5 0.88 0.44 1.8 1.0 8.8
IC2165 0.104 4.8 0.73 2.5 0.57 0.45 1.2 3.0 9.8
IC4191 0.123 1.49 7.7 4.7 1.6 4.45 1.8 7.0
M1-42 0.161 4.5 10.0 11.0 2.1 1.5 8.6 3.0 5.0
M2-36 0.137 11.0 5.5 13.0 4.5 2.6 6.5 4.5 3.5
Me 2-1 0.1 7.0 0.51 5.3 0.93 0.91 1.6 2.3 5.8
Mz 3 > 0.080 < 16 3.0 2.3 1.2 1.0 5.0 2.0 6.3
NGC40 > 0.046 19 1.3 5.3 1.4 0.56 3.4 0.8 7.9
NGC2022 0.106 3.7 9.9 4.7 1.3 0.63 2.7 1.5 9.4
NGC2440 0.119 7.2 4.4 3.8 1.1 0.47 3.2 1.6 8.9
NGC5315 0.124 4.4 4.6 5.2 1.6 1.2 4.6 2.6 6.3
NGC5882 0.108 2.2 1.6 4.8 1.5 1.3 2.9 1.0 7.2
NGC6153 0.140 6.8 4.8 8.3 3.1 1.9 8.5 1.2 6.9
NGC6302 0.170 0.6 2.9 2.3 2.2 0.78 6.0 1.6 6.4
NGC6445 0.14 6.0 2.9 2.3 2.2 0.78 6.0 2.25 5.8
NGC6537 0.149 1.7 4.5 1.8 1.7 1.1 4.1 2.0 6.0
NGC6543 0.118 2.5 2.3 5.5 1.9 1.3 4.2 1.0 8.1
NGC6741 0.110 6.4 2.8 6.6 1.8 1.1 4.9 1.65 6.5
NGC6818 0.099 5.4 1.26 4.8 1.27 0.94 2.7 1.5 6.6
NGC6886 0.107 14.3 4.2 6.5 2.0 1.0 2.1 2.0 7.7
NGC7027 0.106 5.2 1.5 4.1 1.0 0.94 2.3 0.65 7.4
NGC7662 0.088 3.6 0.67 4.2 0.64 0.66 2.1 0.96 8.2
†Galactocentric distance assuming that of the Sun is 8 kpc.
envelope IRC+10216. They believed that these changes were due to photo-dissociation
and reactions between ions and molecules due to radiation from the central star.
Larger and heavier molecules are also found. According to BernardSalas (2006),
some pPNe show acetylene and polyacetylenic chains of C4H2 and C6H2, benzene, HCN
and C2H4 and he points out that these could be the precursors of the PAH in PNe. Kwok
et al. (1999) suggest that the carbon structures group into larger aromatic molecules as
stars evolve from the AGB through to PNe. And as PAH are detected in PNe they must
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also nd their way into the ISM. According to Garc·a-Hern·andez et al. (2006), the atmo-
spheres of AGB stars that undergo thermal pulsing contain neutron-rich elements such as
Sr, Y, Zr, Ba, La, Nd and Tc and Bautista (2006) states that Fe and iron peak elements
are important constituents of PNe so these elements also return to the ISM.
Finally, as almost the whole of the stellar envelope is removed as a PN is formed it is
clear that large quantities of hydrogen are also returned to the ISM.
When dealing with abundances however, it should be remembered that the accuracy
of abundance estimates is low because the observational results are biased towards those
from young, bright, PNe (Costa and Maciel 2006). Also, while it is the star that de-
termines the rate at which matter is expelled, the external environment has also to be
considered. First, the ISM or perhaps a binary companion sets the external pressure and
secondly, movement of the star through the ISM can strip material away from the PN.
As described in sub-section 1.2.4 the pressure from the ISM is not negligible and can
decelerate and compress the external PN shells. From their models Villaver et al. (2006)
found that the ionized mass in PNe is usually grossly underestimated as much of it is
contained in the faint halos and goes undetected or ignored. They also claim that a large
part of the mass of the outermost shells is actually material swept up by the stellar wind
rather than material lost by the star, with the proportion from the ISM decreasing with
increasing ISM density and stellar mass (Villaver et al. 2006).
1.2.8 Discussion
The PN system can be classied into chemical as well as morphological types. There are
two basic chemical types, O-rich and C-rich, with some objects showing characteristics
of both. The explanation for the differences in chemistry appear to lie with the star’s
lifetime on the AGB, i.e. with its initial mass: no third dredge up, no carbon star. Those
PNe with mixed C and O characteristics appear to be caused by an enhanced mass loss
while the star was still O-rich, probably due to the effect of a binary companion, leaving
O-rich material inwards of a C-rich outer disc. Unfortunately, the different temperature
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characteristics of carbon and silicates cast some doubt on the mass-loss mechanism. The
momentum coupling for silicates is problematic (Woitke 2006), yet similar phenomenon
are produced by both types of star.
There appears to be little consensus as to the mass loss and shaping mechanisms, with
the debate appearing to be almost as erce as the stellar winds. Currently the favourite
assumption appears to be the ISW and a common envelope with a possible contribution
from magnetic elds.
Another question appears to be that of where the PN and associated outow end and
the ISM begins, with Villaver et al. (2006) suggesting that studies of the halo are being
neglected and that some of the shell material is gathered up from the ISM.
For this thesis we reduced and analysed a set of narrowband PN images with the
aim of establishing accurate emission line uxes for comparison with spectral catalogue
values. We then investigated a set of target PNe in the Galactic Bulge in an attempt to
determine:
1. any differences in various characteristics, such as size and abundances, between
the different morphologies;
2. whether PN morphology is determined by the origin of the progenitor star or by
subsequent evolution;
3. whether the PNe alignments are random or inuenced by some external factor.
1.3 Thesis Outline
This study is motivated by the desire to understand the planetary nebula phenomenon.
In particular we attempt to obtain an understanding of nebular morphology by relating
it to a number of other nebular characteristics. We used a sample of high resolution
observations of PNe in and towards the Galactic Bulge as the basis for our study. Regions
with very high levels of extinction were avoided, e.g. the region close to the Galactic
Plane (see Fig. 3.1). For most of the study we used a subsample of those PNe that we
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considered to lie within the Bulge in order to obtain a more homogenous set of progenitor
stars and to constrain the distances to the PNe and a more accurate relationship between
their sizes.
The PNe selected for the observations were all listed in the Strasbourg-ESO cata-
log of Galactic Planetary nebulae (Acker et al. 1992a). The ESO Multi Mode Instrument
(EMMI) of the European Southern Observatory (ESO) 3.5 m New Technology Telescope
(NTT) was used to observe the larger nebulae in the sample and the compact PNe were
observed using the Planetary Camera of the Wide Field and Planetary Camera 2 Instru-
ment (WFPC2) of the HST. The information we could obtain directly from the observa-
tions was augmented by information in the literature in order to address the relationships
between PN morphology and the other PN characteristics.
In section 1.2 we briey described the processes involved in the PN phenomenon,
from the enrichment of the stellar envelope by nuclear processes, through its loss and
shaping, to its enrichment of the ISM; as it were, a PN from the cradle to the grave.
Chapter 2 provides background information on the observations and the reduction and
manipulation of the data used for this study. Not all PNe look the same! In §5.2 we
specify the morphological classication scheme that we use in the rest of the study. We
use this to investigate whether the morphology inuences or is inuenced by the other
PNe characteristics.
The line emission ux density value (also known as ux or intensity) is the power
from that line passing through unit area parallel to the telescope primary mirror. The line
uxes from a PN can be combined to allow estimates of electron temperature, electron
density and PN mass and distance. The observed uxes have been modied by extinction.
Interstellar extinction increases with frequency (i.e. is higher for shorter wavelengths) so
estimates of the interstellar extinction value can be made by comparing the ux values
for two different wavelengths e.g. Hβ and Hα Osterbrock (1989). Moreover, values of a
specic line ux from a large sample of PNe in a galaxy can be used to produce a Plane-
tary Nebula Luminosity Function (PNLF) that can be used to estimate the distance to that
galaxy (Ciardullo 2005; Jacoby 1989; Ciardullo et al. 1989; Kovacevic et al. 2011a). An
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extensive catalogue (Acker et al. 1992b) of data concerning Galactic PNe shows spectro-
scopically derived Hβ uxes for those PNe and the intensities of a number of emission
lines relative to the Hβ value. However, if the slit and source are misaligned during spec-
troscopic ux measurements then the ux from parts of the PN will not be sampled and
the estimated values will be incorrect. Some possible misalignments that could affect
the derived ux values are shown in Fig. 1.9. In chapter 4 we determine photometric
ux densities of PNe observed in 2003 with the ESO Multi Mode Instrument (EMMI)
of the European Southern Observatory (ESO) 3.5 m New Technology Telescope (NTT).
By removing the continuum ux and correcting for the ux from unwanted lines we use
the ux values obtained through our narrow band lters to check the catalogued PNe ux
estimates. Any difference between our values and the catalogued values merits further in-
vestigation as either at least one of the estimates is incorrect or the ux value has changed
over approximately one decade. We also use our morphological classication of PNe to
investigate whether there is any variation in ux between the different morphologies.
In the remainder of this thesis we concentrate on PNe that we consider to be in the
Galactic Bulge. This has a two advantages. First, it constrains the distance to the PN
so that comparative estimates of size can be made. Secondly, stars in the Bulge tend not
to be of high mass or metallicity so for the most part we are comparing like with like in
regard to those characteristics. Some brief comments on the Bulge and the criteria we
used to determine Bulge membership are made in chapter 3.
In chapter 5 we describe our morphological classication and explain how we esti-
mated the sizes and orientations of the PNe. We then discuss the possible relationship, if
any, between a PN’s morphology and its size, location, and radial and expansion veloc-
ities. Information from the literature is then used to discuss the inuence of binarity in
the shaping of PNe.
Chapter 6 looks at the abundances and metallicity. Nebular morphology could be
the result of the evolution or of the metallicity of the progenitor star. We attempt to
determine which is the case. A relationship between morphology and metallicity would
imply that a PN’s morphology is determined by the environment in the location where its
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progenitor star was formed. On the other hand, a relationship with abundances suggests
a relationship with mass and the stellar evolution. We attempt to determine which factor
predominates. Finally, in chapter 7, we look at the orientation of PNe, namely the angle
on the sky measured from Galactic north to east of a PN’s principal axis. We check to see
whether the orientations of our Bulge PNe are random or whether there is a relationship
between the orientation and the morphology as the latter suggests a relationship between
PN morphology and some external factor, either when the PN was formed or when the
stellar system of which it is a part was formed.
We bring our overall ndings together in chapter 8.
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Figure 1.9: Schematics on colour-scale intensity plots showing the effect of aperture position-
ing on spectrophotometric flux determination for 3 PNe. Red and black indicate the lowest and
highest intensities respectively. These schematics demonstrate quite clearly how the positioning
and orientation of the aperture or slit can affect the estimated flux. An aperture of 4 × 4 arcsec is
overlaid on the plot of PN G 001.7+05.7 in the image at the top left. The aperture is centred on
the PN and will produce an over estimate of the flux. An aperture of the same size is overlaid on a
plot of PN G 357.2+02.0 at the top right. It is also centred on the PN but in this case will produce
an underestimate of the flux. Two slits of 4 × 7.7 arcsec are shown superimposed on a plot of PN
G 359.6–04.8 at the bottom left. Both slits are approximately centred on the PN but the alignment
shown in red will produce a larger estimate of the flux than will the alignment shown in black.
Note that the three images are not shown at the same angular scale.
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2The instruments, the observations and
the data reduction
This part of the thesis describes the principal sources of the observational data used in
the work. Other, catalogued, data are described with the analyses in which they are used.
The sample of PNe images consisted of 161 objects observed in 2003 using the ESO
Multi Mode Instrument (EMMI) of the European Southern Observatory (ESO) 3.5 m
New Technology Telescope (NTT) and 37 objects observed in 2002 and 2003 using the
Planetary Camera of the Wide Field and Planetary Camera 2 Instrument (WFPC2) of the
HST.
The HST targets were selected as a random subset of compact PNe in the direction
of the Bulge. The PNe selected were all listed in the Strasbourg-ESO catalog of Galactic
Planetary nebulae (Acker et al. 1992a) with a diameter of 4 arcsec or less, or no known
diameter. Every second object from this list was selected for an HST SNAPshot program.
Of the 60 objects selected, just over half were observed. The observations utilized the
F656N lter (2.2 nm wide at 656.4 nm) (Gonzalez et al. 2006; Koekemoer and Brammer
2003). The images have a pixel size of 0.046 arcsec. The exposure times were in the
main 140 seconds but varied between 60 and 280 seconds. The proposal number is 9356
and the Principal Investigator is Zijlstra, A. A.
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The NTT sample was selected from the larger nebulae in and towards the Galactic
Bulge. The observations utilized the #654 Hα lter (3.3 nm wide at 655.4 nm). The
images have a pixel size of 0.33 arcsec. The seeing was typically better than 1.5 arcsec
and the exposure times were mostly 60 s but a few were of 30, 120, 180, 240 and 300
seconds. The proposal number is 71.D-0448(A) and the Principal Investigator and Co-
Investigators are Walsh, J. R., Zijlstra, A. A. and Gesicki, K. The PNe observed and the
standard stars are listed in Table A.1.
2.1 The NTT observations
2.1.1 The telescope
The NTT is located in Chile at La Silla, a 2400m mountain at the edge of Atacama desert
in Chile that is far from any articial sources of both light and dust. Its geographical
coordinates are: Latitude 29 ◦ 15’ south and Longitude 70 ◦ 44’ west (ESO 2007a).
The telescope is specically designed to provide good image quality. It is an Alt-Az,
3.58 m Ritchey-Chr·etien design that includes active optics. Both the primary mirror and
the position of the secondary mirror are actively controlled to correct any defects in and
deformation of the telescope and mirror. An image of the telescope is shown in Fig. 2.1
and the location of the active optics is shown in Fig. 2.2 (ESO 2006b,c).
2.1.2 The instrument
The EMMI instrument was used to provide the images for the data set. A schematic of
the EMMI is shown as Fig. 2.3.
Only the Red Imaging and Low-Dispersion spectroscopy (RILD) light path was used.
This path allows for imaging at wavelengths of over 400 nm with a resolution of 0.33 at
the recommended 2 × 2 binning (as used by the Manchester observers) and gives a eld
of view of 9.1′ × 9.9′ (Gonzalez et al. 2006, pp. 6-7). The RILD light-path is marked in
red on Fig. 2.3.
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Figure 2.1: An image of the NTT. From ESO (2006c)
The narrow-band lters used for the observations are listed in Table 2.1 and a plot of
their characteristics is shown in Fig. 2.4. However, the lter tilt angle modies the lter
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Figure 2.2: An image of the NTT showing the location of the active optics. From ESO (2006c)
characteristics on off-centre portions of the image (Ruﬄe et al. 2004; Ruﬄe 2006). The
problem is greatest for those observations made through the #654 lter, which was the
lter used to determine the morphologies and orientations of the PNe. While the peak
transmission of that lter occurs at a wavelength that is almost coincident with the [N ]
654.8 nm line the bulk of the ux is expected to be from the H  656.3 nm line which
lies at about 0.8 of the peak transmission level. The [N ] 658.3 nm line is accepted
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Figure 2.3: A schematic of EMMI showing its principal components. The red dotted line shows
the RILD light path. Adapted from Figures 2.1 and 3.3 of Gonzalez et al. (2006)
at about 0.06 of the peak transmission level and there is of course continuum emission.
Calculations based on the formulae in (Ruﬄe et al. 2004; Ruﬄe 2006) reassured us that
the lter tilt would not give a major problem for the studies.
Ruﬄe et al. (2004) also mention that they consider that there may be a problem with
the lter characteristics published by ESO. It would have been possible to determine
the spectral response for each lter by means of a grism assuming that the appropriate
calibration les were available and the transmission characteristics of the grism would
also have needed to be taken into account. (Those characteristics are shown in gures
B.2 and B.4 of the EMMI manual (Gonzalez et al. 2006)). However, as the characteristics
we used were those remeasured in 2006 we decided that they were suitable for purpose.
A description of the lters, their characteristics and their mounting is also available
at ESO (2006a).
The CCD arrangement is described in Gonzalez et al. (2006). The red arm camera
detector consists of two thin back-illuminated, AR coated CCDs placed side by side
as shown in Fig. 2.5. There is a small gap between the CCDs and each is served by two
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Table 2.1: The filter set used for the observations. Not all the filters were used for each target.
The tilt is to minimize internal reflections within EMMI. From Table 3.4 of Gonzalez et al. (2006)
ESO # Filter λ0 ∆λ Peak efficiency Tilt
(nm) (nm) (%) (◦)
771 H Beta C 477.5 7.4 81 5.0
770 H Beta 486.2 7.8 77 7.5
589 O III / 0 501.1 5.5 61 5.0
591 O III / 6000 510.8 6.1 69 5.0
654 H Alpha 655.4 3.3 36 7.5
653 N II / 0 658.3 3.0 56 5.0
599 H Alpha / 9000 676.0 7.1 51 2.5
600 H Alpha / 12000 683.3 7.2 55 7.5
Table 2.2: The CCD layout. From Table 3.2 of (Gonzalez et al. 2006).
Red #63, Michele (slave) Red #62 Zeus (master)
Model 2048 × 4096 MIT/LL CCD 2048 × 4096 MIT/LL CCD
Pixel size (µm) 15 × 15 15 × 15
Image size (pixels) 2048 × 4096 2048 × 4096
Amplifier D B C A
Detector 2B 2A 1B 1A
Fits extension c b a -
First “x pixel” in each region 1 1039 2077 3115
sets of ampliers so that each image contains four sections with the data in each having
different bias levels, gains and readout noise as shown in Table 2.2.
It is important to avoid the image of the main object of interest lying in the inter-chip
gap. This results in a placement on the master chip as can be seen in Figs. 2.6 and 2.5.
The potential effect of the gap on an image can be seen in one obtained from the data set
that shows NGC5189 (Fig. 2.7).
2.1.3 The data and its reduction
All the observations were in the optical waveband and utilized narrowband lters. They
were scheduled for the end of May and beginning of June 2003. Unfortunately some
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Figure 2.4: The filter characteristics for the filters used in the observations. The wavelengths of
some of the stronger lines to be found in the wavebands are also indicated but the height of those
lines in the figure has no physical meaning. The charts were drawn using information from ESO
(2006a) and Cuisinier et al. (2000). The filter characteristics shown are those remeasured in 2006
(ESO 2007b).
of the observations were postponed due to targets of opportunity. This resulted in there
being three observation periods, May the 31st to June the 4th, July the 16th, and August
the 27th and 28th; all in 2003. The ESO archive was checked to determine whether the
BRYAN REES 63
2: THE INSTRUMENTS, THE OBSERVATIONS AND THE DATA REDUCTION
Figure 2.5: A schematic of the CCD arrangements showing the placement of the targeted image.
Extracted from Figure 3.2 of Gonzalez et al. (2006)
data was likely to be photometric. Exposures at beginning of the night might have a warm
mirror, and warm air from above the mirror could cause problems due to turbulence, so
the NTT requires some wind blowing through the dome to clear out that warm air. Also,
any clouds could cause ux evaluation errors. Only two observations were discarded for
these reasons.
The NTT data set contains 1 634 items, observations, ats and bias frames. All the
FITS les required converting into a format suitable for processing in the / pack-
age (ESO 1998a,b) and this was done for the 1 432 non-spectrographic FITS les that
form the basis for the work in this thesis.
Due to the low temperature at which the CCD is maintained there is no problem with
dark current but there are three problems that do affect the intensity values obtained from
the CCD (Howell 2006; ESO 1998b):
1. A bias level introduced by the associated electronics. Without it, the random vari-
ations around zero when the level of charge of an unexposed pixel is read and
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Figure 2.6: A raw image of one of the targets that demonstrates the basic CCD arrangements.
The bias has not been subtracted and neither has a flat field correction been applied. Note the
difference in levels and the offset of the target from the centre of the CCD mosaic. Also note
that only part of the mosaic is illuminated. The separation between the two CCDs runs vertically
down the middle of this figure and the vertical white lines are caused by defects in the CCDs.
converted to a digit could produce a negative value.
2. A non-constant gain over the pixels.
3. Problems with the optical alignment and with dust on optical components.
In order to obtain the nal image these problems had to be corrected.
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Figure 2.7: An image of NGC5189 that shows the gap between the CCD in the red arm of EMMI
and the importance of the correct placement of the targeted image.
Zero integration time, closed shutter, observations were made during each observa-
tion run in order to produce estimates of the bias correction. We median averaged those
bias frames within each of the three observation periods in order to construct a master
bias frame for each period. Dome ats (out of focus exposures of an evenly illuminated
screen or area within the dome) had also been taken through each of the lters in order
to allow the other two problems to be corrected. We also median averaged the ats for
each lter for each period to produce master ats. The correction was then made in the
standard way.
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i. We subtracted the pixel values of the master bias frame from the corresponding
values in both the image and the master ats.
ii. We calculated the mean pixel value obtained from a reasonably large area of each
master at within the area of the CCD where the image of the object of interest
was likely to fall (see subsection 2.1.2, Fig. 2.5 and Gonzalez et al. (2006));
iii. This produced a scaling factor which we used to scale the pixel values of that
master at to values close to one.
iv. We divided the pixel values in the bias subtracted image by those of the corre-
sponding pixel in the scaled master at. The scaling avoided producing a large
change in the levels of the image frame.
Unfortunately, there were complications with the calibration frames during the July
and August periods. Howell (2006) states that a minimum of 5 at elds should be
averaged to produce a master at and recommends that at least 10 bias frames be averaged
to produce a master bias frame. There were ample numbers of both for the May-June
period but there were only ve bias frames and three ats (per lter) available for the
July period. The August period was more complicated, there were 9 bias frames and 5
ats but while the readout speed of the image frames was 100 kps, the readout speed for
the bias and at eld frames was 225 kps. We used 16 bias frames obtained for other
observers during the same observing period to bias subtract the image frames. Those 16
frames had the same binning and readout speed as the image frames. The bias subtracted
ats had to be derived from the bias and at eld frames read at 225 kps. The main effect
of the faster read out speed is a 50 to 70 percent increase in readout noise but as 225 kps is
the normal read out speed with 100 kps being recommended for faint object spectroscopy
(Gonzalez et al. 2006, pages 11 and 16) we did not consider the read out noise to be a
major issue. We visually inspected the suspect master bias and at eld images and used
the / procedure in  to satisfy ourselves that they were t for purpose.
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Figure 2.8: An example of a bias frame showing the variation in the levels due to the arrangement
of the CCDs and amplifiers (see Table 2.2).
2.1.4 Deconvolution
The resolution of the NTT observations is 0.33 arcsec (Gonzalez et al. 2006, Table 2.1).
As a stellar point spread function (PSF) exceeds that value it was necessary to deconvolve
those observations that were used to determine PN morphology, size and orientation.
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Figure 2.9: A detail of a scaled flat through the OIII589 filter. Note both the variation in levels
and the horizontal banding due to the CCD structure.
We therefore deconvolved the (non background-subtracted) #654 images using -
. We tried the / algorithm but found that it required considerable
intervention to obtain an acceptable level without artifacts being produced. We settled on
the / algorithm as recommended in Starck et al. (2002). That algorithm could
be run for a large number of iterations with the main problem just being some ringing
around the sources. We used a bright but not saturated stellar image within the frame to
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determine the PSF. We selected a star that was close but not too close, to the PN. How-
ever, we did have problems in isolating a suitable star in some images due to the crowded
star eld. We decided if a deconvolution was satisfactory on the basis of its effect on
stellar images within the eld, but a number of low intensity ‘structures’ appear to have
been produced out of the noise in some of the images. Note that the continuum emission
was not subtracted from the images prior to their deconvolution and measurement. In
order to assist in determining the morphology of PNe where it was unclear from the #654
observation the available observations through the other lters were also deconvolved. In
some cases we had to resort to deconvolving images from which the off band image had
been subtracted. The PSF was obtained from the #654 image in that situation.
2.1.5 Background Subtraction
When determining the PN line ux from a set of observations the continuum ux has to be
removed. We did this by differencing the values from two images, an image of an object
taken in a waveband containing the line of interest and an image of that object taken
in a nearby waveband. The out of band image was rst aligned to the in-band image
and then scaled to compensate for the different exposure times and lter transmission
characteristics.
The lter pairing and the wavelengths of some of the emission lines that occur within
the region of the electromagnetic spectrum that they cover can be seen in Fig. 2.4. As can
be seen from that gure, it should be possible to obtain good quality information from
the H 486.1 nm (Hβ) line, the [O] 500.7 nm line, the [N] 658.3 nm line, the totality
of the [S] 671.6 nm and [S] 673.1 nm lines and the combined [N] 654.8 nm and H
656.3 nm (Hα) lines. The effect of the lter tilt on the wavelengths has already been
mentioned in subsection 2.1.2. However, while the lters in the pairs appropriate for the
500.7 nm and the combined 654.8 and 656.3 nm lines have the same tilt those for the
486.1, 658.3 nm and the combined 671.6 and 673.1 nm lines do not. Calculations based
on the formulae in (Ruﬄe et al. 2004; Ruﬄe 2006) reassured us that this would not give
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Figure 2.10: Reduced images of PN G 007.5+07.4 through the [O] #589 filter before (top) and
after (bottom) subtracting the background illumination. The cuts are the same for both images.
a major problem for the ux evaluation.
Initially, to remove the background we aligned the images containing the emission
lines and their offband lters on the basis of suitable stars in the images that were aligned
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near to the PN in question. We used the  procedures /, /,
/, / and / to do so. We aligned the off-band image to
the in-band image and scaled the off-band intensity values by a factor determined and
adjusted manually and iteratively when performing the subtraction. The subtraction was
considered a success if the majority of the residual values of the alignment stars were
within ±10 per cent of the original stellar value. Figure 2.10 shows the image through
the #589 lter both before and after the subtraction. The process appears to have met
with limited success as it can be seen from Fig. 2.10 that not all of the stellar images have
been removed. We suspected that this was due to an alignment problem as:
1. small negative intensity regions have been produced adjacent to the stellar images
(see Fig. 2.11); and
2. if we increased the scaling factor used in the subtraction to allow for the differences
in exposure there was an increase in the number and magnitude of negative values
in the background areas.
The misalignment seen in Fig. 2.10 is shown emphasized in Fig. 2.11.
Unfortunately we found that the pixelation meant that the outcome was unsatisfactory
in many cases. In those cases we resorted to doubling the number of pixels both horizon-
tally and vertically on both the foreground and background frame, dividing the counts by
four. We then aligned the frames, performed the subtraction and rebinned the pixels. This
provided some improvement in a large number of subtractions. Note that while originally
the pairs of frames were cleaned of cosmic-rays only if they were evident in the vicinity
of the PN this was done for all frames when we resorted to splitting the pixels. The 
procedure / was used for cleaning.
Another subtraction problem arose in the form of residual stellar intensity peaks with
no adjacent ‘shadows’ or with a negative intensity ‘halo’ around them. Changing the
scaling pattern could not remove these. Kovacevic et al. (2011b) suggest that this phe-
nomena is due to the colour difference in the stars produced by the different lters. It
may also be due to changes in the seeing producing changes in focus.
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Figure 2.11: A background subtracted image of PN G 007.5+07.4 through the #589 filter that
has been adjusted to emphasise the negative values around the stellar images.
There is also the possibility of problems with #654 subtractions due to the Hα in the
stellar continuum.
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2.2 The HST observations
The 37 observations of Galactic Bulge PNe were made using the Planetary Camera of
the WFPC2 of the Hubble Space Telescope (HST) in 2002 and 2003. The camera has
one 800 × 800 pixel CCD with a eld of view of 35′′ × 35′′. The observations were
made through the F656N lter (2.2 nm wide at 656.4 nm) and have an image scale of
0.046 arcsec per pixel. The images had already been reduced using the WFPC2 pipeline.
In that process:
1. Charge transfer problems and bad pixels are masked and analogue to digital con-
version errors corrected.
2. A mean bias level obtained from the overscan region for the CCD is used for bias
subtraction and a dark current correction applied using weekly generated dark ref-
erence and quality les.
3. A at eld correction is applied.
4. Saturated pixels are agged.
(Biretta 2001; Gonzaga 2002).
Only Hα images were available so no background subtraction could be undertaken,
hence no ux determination could be attempted. Given the high image resolution we
decided that no deconvolution was required in order to produce either a morphological
classication or to measure the sizes of the PNe.
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3The PNe in the Galactic Bulge
3.1 Bulge Basics
The Galactic Bulge is thought to be bar-like with a major axis at an angle of between
24◦ and 27◦ to the direction from the Sun to the Galactic Centre. The scale length ratios
are 10:3.5:2.6 in the Galactic Plane and vertical axes (Rattenbury et al. 2007). However,
there may be several bars (Rodr·guez-Fern·andez and Combes 2007), and they may be
transient (Combes 2008a,c,b). Using data from BRAVA, a radial velocity survey of M
giant stars in the Bulge, Howard et al. (2009) investigated the dynamics of elds out to
l = ±10◦ at both b = −8◦ and b = −4◦ and concluded that the rotation curve was the
same. They concluded that the Bulge is consistent with a bar that rotates cylindrically
and is viewed edge-on. There is however, a break from solid body rotation at l ± 4◦
(Howard et al. 2008).
There is a wide variation in estimates of the proportion of the Galaxy’s stellar mass
that lies in the Bulge. It ranges between 10 percent and 25 percent (Oort 1977 and Sofue
et al. 2009 as reported in Bensby et al. 2010). Bensby et al. (2010) used spectroscopy
on gravitationally microlensed dwarf stars in order to extend the class of stars for which
abundance estimates are available. They then compared their results with results avail-
able in the literature for giant stars in the Bulge. They found that a mean metallicity,
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〈[Fe/H]〉 = −0.08 ± 0.47 (sic) of their 14 microlensed dwarf and subgiant stars similar
to the metallicity of 204 giant stars in Baade’s window derived by Zoccali et al. (2008).
Bensby et al. (2010) point out that a sub-solar [Fe/H] ratio implies a stellar age of about
10 Gyr but they found three of the stars in their sample of microlensed dwarf stars with
super-solar [Fe/H] ratio to be less than 5 Gyr old. The average age in their sample is
8.4 ± 3.3 Gyr. The balance of the evidence supports a short, . 1 Gyr, timescale for the
formation of the Bulge (McWilliam et al. 2010) but as Minniti and Zoccali (2008) point
out, while most of the stars in the Bulge are old, there are also young stars there.
PNe in the Galactic Bulge are important as a means of studying the dynamics and
kinematics in the Bulge. They can also be used for an abundance analysis (Boumis et al.
2003; Exter et al. 2004). It should however, be remembered that Bulge PNe must for the
most part form around old, hence low mass, stars, and so may have different abundances
from those elsewhere in the Galaxy. The benets of studying the Bulge population of
PNe are:
1. The distance is constrained to within ∼ 8 ± 2 kpc from the Sun.
2. The CSPN are very likely to be old which, given the short life of a PN, also implies
that the progenitors were of low mass. The lifetime of the star up to the formation
of the PN is dominated by its period on the main sequence, as can be seen for a 2
M¯ star in Fig. 1.2. In the main we should expect progenitor masses of below 1.1
M¯ for PNe in the Bulge.
The major disadvantage at optical wavelengths are:
1. Extinction
2. Small sizes leading to loss of detail for a given resolution.
The Bulge is generally taken to lie between Galactic longitude ' ±15◦ and latitude
' ±10◦. However, a PN that lies within these coordinates is not necessarily at the correct
distance so other criteria must be used to determine Bulge membership. For example,
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G·orny et al. (2004) add the criteria that it should have an angular diameter . 20 arcsec
and a radio ux at 6 cm < 100 mJy. While much of the Bulge is shrouded in dust and
there are also problems due to interstellar extinction there are some clear lines of sight
that allow studies to be carried out (Boumis et al. 2003).
3.2 Our criteria for Bulge membership
A number of estimates of distance to the Galactic Centre over the years are set out in Reid
(1993) and Groenewegen et al. (2008). We have used a value of 8.0 ± 0.5 kpc. Given the
difficulty in determining distances for the PNe in our sample we have ignored the bar
structure in the Bulge, assumed the distance across it to be symmetric and taking the 1σ
value for the longitude distribution of those PNe in the sample with a latitude outside
±2◦, obtained a distance estimate of 8.0 ± 0.8 kpc for the PNe in our sample.
Chiappini et al. (2009) use what they regard as the standard criteria to determine a
Bulge PN:
1 lie within 10◦ of the Galactic Centre;
2 have diameters below 20′′; and
3 have a radio ux at 5 GHz below 100 mJy.
Bensby and Lundstr¤om (2001) also specify a lower limit for the radio ux at 5 GHz and,
using a Bulge radius of 1.5 kpc specify 5 GHz radio limits of (4.2 mJy, 45 mJy). In order
to remove PNe from the sample if they were likely foreground (or background) objects
and not related to the Bulge we have:
• adjusted the radio ux limits to (4.2 mJy, 59.1 mJy) in order to correspond with
our distance estimates;
• increased the acceptable maximum diameter for a Bulge PN to 35 arcsec in accor-
dance with Acker et al. (2006).
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We thus have the following list of requirements used to identify likely Bulge PNe:
1 To lie within 10◦ of the Galactic Centre in terms of Galactic longitude and latitude.
2 To have a diameter of not more than 35 arcsec; see Acker et al. (2006).
3 Where a radio ux at 5 GHz was available for the PNe, for that to lie within the
interval
(
4.2 mJy, 59.1 mJy) (Si·odmiak and Tylenda 2001; Acker et al. 1992b).
These criteria will exclude bright young stars that lie in the Bulge §3.1. For example
NGC 7027 (PN G 084.9-03.4) lies at a distance of 0.98± 0.10 kpc from us (Zijlstra et al.
2008) and has a catalogued radio ux at 5 GHz of 5 700 mJy in Acker et al. (1992b).
Scaling the ux to determine what would be received were NGC 7027 within a distance
of 8.0 ± 0.8 kpc produces values in the range (57 mJy, 128 mJy). Our criteria would
clearly exclude such bright PNe but we decided that it was more important to reject
foreground objects.
It should be noted that PNe remained in the sample unless there was data that could be
used to exclude them. It should also be noted that where two catalogues gave conicting
data the PN was retained in the sample if one of those sets of data permitted it.
Approximately 23 per cent of the 200 observed PNe were rejected due to the selection
criteria, a further 7 per cent due to imaging problems and 1 per cent were present in both
the NTT and HST data sets. In the region studied, 80 per cent of the selected objects are
expected to belong to the Galactic Bulge (Zijlstra 1990) leaving few foreground nebulae
in the sample. The locations of the 138 PNe retained for measurement are shown in
Fig. 3.1.
3.3 Surveys of Galactic Bulge planetary nebulae
A large number of surveys of, or including, Galactic Bulge PNe have taken place over
many years. Bedding and Zijlstra (1994) who determined the diameters of 21 PNe in
the Bulge point out the great care that must be taken due to the small angular size of
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Figure 3.1: The Galactic coordinates of the Bulge PNe. The longitude is given as the angle
to either side of zero Galactic longitude. The classification is described in §5.2.2. There is no
discernable pattern to the locations of the different categories of PNe for the classification that we
have used.
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the PNe and to the variation in PNe morphology. Jacoby and Van de Steene (2004)
report the faintness of the outer isophotes of PNe as another such difficulty and Boumis
et al. (2006) could not determine the morphology for bright compact nebulae. These
latter authors also point out that the expansion of PNe with time causes the morphology
to depend on the evolutionary stage of the PN and claim that It is generally accepted
that the different PN morphologies are attributed to progenitors of different masses.
However, their nding that the median electron density is greater for elliptical PNe than
it is for round or bipolar PNe could, if generally true, be of assistance in determining PN
morphology. Zijlstra et al. (1997) used [O], Hα and [N] lines to estimate the radial
velocities for 71 PNe, most of which were in the Bulge.
Cuisinier et al. (2000) used criteria which they state are due to Acker et al. (1991) to
determine whether their PNe were Bulge members. Their criteria are in fact tighter than
those in (Acker et al. 1991) and also those quoted in §3.1 and are:
• a diameter < 10 arcsec (equivalent to 0.39 pc for a distance of 8.0 kpc);
• coordinates within 5◦ (700 pc) of the Galactic Centre,
• a ux at 6 cm < 100 mJy.
However, they had difficulty with their spectrophotometric study due to the interstellar
reddening in the direction of the Bulge causing problems with weak lines such as the
[O] 436.3 nm and the [N] 575.5 nm lines. The low abundances they obtained for the
N/O ratio and for He in the Bulge PNe conrmed the view that the progenitor stars are
old. Low N/O ratio and He abundances were conrmed by Boumis et al. (2003) in their
survey of 90 Bulge PNe and they drew the same conclusion as did Boumis et al. (2006)
from a survey of 60 PNe. G·orny et al. (2004) surveyed 44 PNe and combined their data
with that from other surveys. They also point out that detecting PNe in the Bulge is
difficult, in their view due to high extinction and crowding, and that these conditions
cause a selection bias against PNe around very hot central stars as their nebulae are less
luminous and more diffuse. However, they came to the conclusion that there is no
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difference between the N/O ratio in the Bulge PNe and that in Disc PNe that lie in the
direction of the Bulge. That nding could cast some doubt on that line of evidence for
old progenitor stars in the Bulge. Similarly, the abundance analysis performed by Exter
et al. (2004) on 130 Bulge and 54 Disc PNe caused them to conclude that the age and
mass distributions for the two samples were the same within the uncertainties.
Jacoby and Van de Steene (2004), who surveyed 94 PNe consider that the greatest
value of PNe near the Galactic Centre is as a means of measuring the chemical history
and kinematics of the stellar population of the Bulge. Parker et al. (2006) point out that
assuming a common distance to the Bulge allows estimates to be made of the mass,
luminosity, age and temperature of PNe that can then be used in studies of the Bulge’s
stellar population.
A large number of PNe have now been discovered and observed in various wavebands
from which information can be extracted. These include those described in Acker et al.
(1991) and the more recent entries in the MASH catalogue (Parker et al. 2006; Miszalski
et al. 2008). Details of our observations are given in Chapter 2. Briey, our sample of
PNe images consisted of 161 objects observed in 2003 using the EMMI instrument of
the European Southern Observatory (ESO) 3.5 m New Technology Telescope (NTT) and
37 objects observed in 2002 and 2003 using the Planetary Camera of the WFPC2 of the
HST. All the observations in our sample were made in the optical waveband and utilized
narrowband lters.
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4The PNe Fluxes
4.1 Introduction
The power from a radiating object that passes through unit area perpendicular to that
source (from the point of view of a telescope, parallel to the primary mirror or objective
lens) is referred to as its ux. Flux density is the ux per unit wavelength (or frequency
if preferred). The units of ux density are ergs cm−2 s−1¯−1. The ux density for line
emission does not increase with bandwidth so we can use units of ergs cm−2 s−1 or equiv-
alently mW m−2. Flux density is often referred to as ux or intensity and hereafter we
shall refer to the ux density as the ux.
Line emission ux values have a number of uses. Line intensities from a PN can be
combined to allow estimates of electron temperature, e.g.
Te ([O]) =
F4 363 Å(
F5 007 Å + F4 959 Å
) (4.1)
and of electron density e.g.
Ne ([S]) =
F6 716 Å
F6 731 Å
(4.2)
(Osterbrock 1989; Tielens 2006). They can also be used to estimate PN masses and the
distances to PNe. Moreover, values of a specic line ux from a large sample of PNe in a
galaxy can be used to produce a Planetary Nebula Luminosity Function (PNLF) that can
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be used to estimate the distance to that galaxy (Ciardullo 2005; Jacoby 1989; Ciardullo
et al. 1989; Kovacevic et al. 2011a).
An extensive catalogue (Acker et al. 1992b) of data concerning Galactic PNe shows
spectroscopically derived Hβ uxes for those PNe and the intensities of a number of
emission lines relative to the Hβ value. However, if the slit and source are misaligned
during spectroscopic ux measurements then the ux from parts of the PN will not be
sampled and the estimated values will be incorrect. Some possible misalignments that
could affect the derived ux values are shown in Fig. 1.9. By removing the continuum
ux and correcting for the ux from unwanted lines one can use the ux values obtained
through narrow band lters to check for and possibly correct the catalogued PNe ux
estimates (Ruﬄe et al. 2004).
The uxes of PNe that we measure are modied by both interstellar and, unless the
observations are made by a space based telescope, atmospheric extinction. We describe
the corrections we made for the latter in §4.2.1. Interstellar extinction is caused by the
scattering and absorption of radiation by interstellar dust, i.e. the optical depth along the
line of sight to the target, and increases with frequency (i.e. is higher for shorter wave-
lengths). There are a number of ways of correcting the uxes for interstellar extinction,
the two principal methods being:
1. comparing the theoretical and observed Balmer decrements, e.g. by using the
Hα/Hβ ux ratio; and
2. comparing the Hβ line ux and the radio ux
(Pottasch 1984; Osterbrock 1989; Stasinska et al. 1992). It should be noted however that
Stasinska et al. (1992) found the extinction determined using the Balmer decrement to
be systematically greater than that derived using the Hβ and radio uxes. Further, Ruﬄe
et al. (2004) found the latter method to be unreliable for PNe with a high brightness
temperature or with a radio ux less than 10 mJy.
We were fortunate enough for extinction not to be of consequence when comparing
the derived and catalogued uxes. The catalogued ux values and line ratios for the PNe
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and the catalogued ux values for the standard stars we use for calibration are corrected
for atmospheric extinction but not for interstellar extinction. They are, in effect, the val-
ues that one would obtain above the Earth’s atmosphere. Consequently, after allowing for
atmospheric extinction, we could compare the PNe uxes we derived from the observa-
tions directly with the catalogued uxes. We used the narrow band observations obtained
using the NTT to determine the photometric ux densities of a number of emission lines
for 69 PNe. Any difference between our values and the catalogued values merits further
investigation as either (at least) one of the estimates is incorrect or the ux value has
changed over approximately one decade.
We also used the ux values we obtained to determine whether there is any variation
in ux between the morphological nebular classes. When comparing the ux distribu-
tions of the different PN morphologies we also had to satisfy ourselves that there was no
signicant variation in the interstellar extinction related to the classication, in effect that
there was no signicant difference in location between the morphological classes.
One PN, PN G 355.1-06.9 was removed from the ux analysis as it appears to contain,
or to be, a very luminous emission line star. Gesicki et al. (2006) has a brief description
of the characteristics of such stars.
4.2 Flux Calibration
4.2.1 The flux per count
In order to determine the ux of each PN the observations needed to be calibrated
against those of standard stars. Two secondary standard stars, GD 108 and the CSPN
of NGC7293 were also observed. The observations of GD108 were made on the 31st
May and 1st June 2003 and those of NGC7293 (PN G036.1-57.1 ) on the 1st June and
4th June 2003. Observations of PNe were also made during the periods, May the 31st
to June the 4th, July the 16th, and August the 27th to 28th of that year but no observa-
tions of suitable standard stars were made during those periods. The lack of standard star
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observations meant that calibration of the PNe observed in July and August required the
use of uxes derived from those of the PNe observed in June. We did not continue to that
second stage.
The images of the ux standard stars were reduced as described in 2.1.3. The SED
for each standard star was obtained from the tables at Walsh (2007). The ux from the
standard star is basically continuum emission and in order to relate the ux from the
standard star to the counts from the CCD the transmission curve for the lter has to
be taken into account. The transmission curves were obtained from the tables at ESO
(2006a). Initially, in order to determine the ux arriving at the CCD an equivalent width
was produced for each lter from its transmission curve and that was multiplied by the
value of the stellar ux at the mid-point of the lter bandwidth. However, this proved
to give a discrepancy for the ux through the #770 lter. That discrepancy was removed
by using the Matlab © procedure interp1 to t cubic splines to the ux data for each of
the standard stars and to the transmission data for each of the lters then summing the
product of the transmission and ux on a per ¯ basis (Mathworks 2010). Note that as the
values for the standard stars are for the continuum emission no background subtraction
was undertaken on those observations.
The catalogued uxes for the standard stars are in effect the apparent uxes above
the atmosphere. In order to relate the ux to the counts from the CCD the catalogued
values needed to be adjusted to account for atmospheric extinction. We used values
from Fluks and Th·e (1992b,a) rather than those in the   table in order to
determine the extinction coefficient (²atm) and the  procedure / to
determine the airmass (x). The correction (in terms of magnitude) was obtained using
(minst − mcat) = ²atmx (Cooper et al. 2004). Note that we did not take account of the zero-
point offset nor the transmission coefficient as we were comparing observations taken
using the same equipment and both of them would cancel out in that comparison. Also,
as the observations were made using narrow-band lters we did not need to worry about
a secondary extinction coefficient.
We used the  / procedure to determine the extent of the CCD
86 THE MORPHOLOGY OF PLANETARY NEBULAE
4.2: FLUX CALIBRATION
Gap
Background
Figure 4.1: A schematic of the areas used when estimating the CCD count proper to the standard
star during flux calibration. The pixels in the central area contains that portion of the psf above
the noise levels. The gap is to ensure that only a negligible count level in the outer annulus is due
to the standard star i.e. the outer annulus contains only the background level plus any instrument
noise.
over which to sum the counts to relate to the ux values. We xed the gap annulus to
2 pixels and the outer annulus to 3 pixels then varied the radius of the disc and plotted
the total counts (above background) over its area against its radius, see Fig. 4.1. The
resulting curve, a magnitude growth curve, was then used to select a radius above which
the number of counts did not increase appreciably but below which it fell away. A sample
growth curve is shown as Fig. 4.2.
The selected count was then used together with the exposure time and the standard
star ux value to produce a value for the ux per count (note that we have continuum
emission from a standard star so the bandwidth must be allowed for). The average of
those values for each lter in each 12 hour observation period was then used in the cal-
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Figure 4.2: A standard star magnitude growth curve used to determine the number of pixels over
which to sum the counts that correspond to the flux from that standard star. A radius of 14 pixels
was selected for the radius of the disc and is indicated by the red line.
culations to determine the line uxes from the PNe.
4.2.2 The line fluxes
The images were reduced as in 2.1.3. Observations in which the PN cannot be detected
(1), or is unresolved (6), or is too faint to enable accurate measurement (3) were dis-
carded. There were no observations with problems due to atmospheric extinction (see
http://archive.eso.org/asm/ambient-server) or with image defects (such as streaking) af-
fecting the pixels in and around the PN in the periods when observations of the standard
stars were also available. The subtraction of the continuum emission was made as de-
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scribed in 2.1.5.
A / script was written to determine the counts produced on the CCD due to
the ux from the PN. The method, an analogue of the / procedure, is as
follows:
1. A rectangular area is selected that encloses the area of the CCD illuminated by the
PN. That area is kept as small as is practicable.
2. That central area is itself enclosed by a set of four rectangular strips placed on
an area that should, after background subtraction, contain just noise and an error
level from the subtraction. A gap is left between the central and outer areas. This
process uses in effect a family of three concentric rectangles, see Fig. 4.3.
3. The widths of the gap and the outer enclosed area are adjusted to avoid any arte-
facts, such as residual stellar effects, falling in that outer area.
4. A further four rectangular areas of equal size are placed on the area beyond the
enclosed area. They are positioned to avoid artefacts.
5. The median value, x, and the standard deviation, σ of the ux count on the pixels
lying in the totality of the enclosing area and four outer rectangles are calculated.
6. Any pixels with counts outside x ± 3σ are discarded and the mean and standard
deviation of the remainder used in the remainder of the subtraction process (see
Howell 2006, pp. 107108).
7. The background count per pixel is calculated, scaled to the area of the rectangle en-
closing the PN, and subtracted from the total counts for that central area to produce
a count proper to the emission lines falling within the bandwidth of the lter.
A conversion table containing the value obtained from the observations of the standard
stars described in 4.2.1 was then used to produce an estimate of the ux from the PN.
The estimated ux was corrected for atmospheric extinction using the method described
in §4.2.1 and is thus the apparent ux as measured above the atmosphere.
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Figure 4.3: A schematic of the areas used when subtracting the background continuum flux
during flux calibration. The central area containing the PN is coloured red and the selected back-
ground areas are coloured green.
4.2.3 Separating the line fluxes
Each of the narrowband lters used passes more than one emission line with a signicant
ux as can be seen from Figure 2.4. Those lines are listed on that gure, which also gives
indication of their transmission levels through the lters assuming no Doppler shift and
ignoring the lter tilt (Ruﬄe et al. 2004; Ruﬄe 2006). The uxes for each of those lines
needed to be determined. In order to do so, we assumed that the extinction for each of
the lines passed by a lter was identical due to the wavelengths of the lines being close
together.
As a rst step the change in wavelength of each line due to the radial velocity of
the PN was established. The velocities for each PN are shown in Table D.1 and the
information was obtained from Durand et al. (1998); Malaroda et al. (2006); Beaulieu
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et al. (1999); Acker et al. (1992a). The standard formula,
∆λ
λ0
=
√
1 + v
c
1 − v
c
− 1 (4.3)
was used to determine the wavelength shift. The bandwidth of the emission lines is
too narrow for Doppler line broadening to require more than one transmission level to
be considered for a line given the 1 ¯ resolution used in the calculations for the lter
transmission.
The sum of the products of the line uxes and their associated lter transmissions
(ESO 2007b) was then taken to sum to the derived uxes for the lter, i.e.
F =
∑
line
FlineTline (4.4)
where the transmission T is at the Doppler corrected wavelength.
The order in which the evaluation took place was dictated by which lines appeared
in which lter and what assumptions could be made about the relationship between their
uxes. This is the order in which they are listed below.
The #589 filter
The #589 lter passes just two lines, the [O] 495.9 and 500.7 nm lines. By using
the method described above together with the ux ratio F5007/F4959 = 2.98 (Storey and
Zeippen 2000) we obtained values for both F5007 and F4959. Results were obtained for 69
PNe, 23 of which were classied as bipolar, 29 as polar and 17 as non-polar.
The #770 filter
The #770 lter also passes only the [O] 495.9 and Hβ 486.1 nm lines. We again used
the method described above but in this case used the value for F4959 obtained from the
#589 lter calculation to isolate the value of F4861. Results were obtained for 59 PNe, 17
of which were classied as bipolar, 26 as polar and 16 as non-polar.
BRYAN REES 91
4: THE PNE FLUXES
The #599 filter
This lter passes three lines, the He 667.8 nm line and the [S] 671.6 and 673.1 nm
lines. As there is no other lter in the set with any of the lines we decided to assume that
F6678 could be neglected as the lter’s transmission at that wavelength of 0.02 is small
compared to that at either 671.6 or 673.1 nm, which is greater than 0.4. Unfortunately
there is no xed intensity ratio available from atomic physics for the uxes of the two [S]
lines. There was only one PN, PN G 000.3+12.2, for which we also had an observation
during the same night through a lter suitable to perform a continuum subtraction. There
are spectroscopic line ratios to Hβ = 100 in Acker et al. (1992b) but we rely on the
accuracy of that ratio to produce a ux value.
The #653 and #654 filters
Both these lters pass the same three lines: the Hα 656.3 nm line and the [N] 654.8
and 658.3 nm lines. Atomic physics provides a value for the ux ratio F6583/F6548 of
3.05 (G·orny et al. 2009). As the wavelengths of the lines are close together we do not
consider it necessary to adjust that ratio for interstellar extinction, i.e. we assume that
the extinction for the lines passed is identical. We also know the transmission values and
the uxes derived from for the observations through both lters. Therefore it should be
possible to obtain values for all three line uxes by solving a pair of simultaneous linear
equations. There were problems when trying to separate the Hα and [N] uxes however.
Some of the pairs of equations appeared to be inconsistent and the Hα uxes from some
of the others did not look reasonable. This may be a consequence of the effect of the lter
tilt on the line transmissions through the #654 lter (Ruﬄe et al. 2004; Ruﬄe 2006). As
the [N] data was only available for ten PNe we decided that it would not be productive
to pursue this method further.
As an alternative method we used the ux values obtained through the #654 lter,
together with the lter transmission values for the three lines, the line intensity values
from Acker et al. (1992b) and the [N] atomic line ratio together with equation (4.4) to
92 THE MORPHOLOGY OF PLANETARY NEBULAE
4.2: FLUX CALIBRATION
produce estimates of the nebular Hα 656.3 nm line uxes. Those values are tabulated in
Table 4.4.
4.2.4 Evaluating the line fluxes
The derived [O] 500.7 nm and Hβ 486.1 nm line uxes were compared with those from
Acker et al. (1992b). For the reasons stated in §4.1 we were able to ignore interstellar
extinction when making that comparison.
When comparing those uxes from different morphological classes we rst had to
satisfy ourselves that there is no systematic difference in the interstellar extinction of
those classes. In effect, that there is no systematic difference in location due to morpho-
logical class for those PNe in our sample. We used Mathematica © to perform bivariate
KolmogorovSmirnov tests to compare the distributions of the Galactic coordinates of
the PNe (for which we had derived uxes) in each of the bipolar, polar and non-polar
morphological classes. Our null hypothesis, H0, for each of the three pairings was that
the classes had the same distribution of coordinates. We obtained pvalues1 in excess of
0.83 for each of the pairings and so could not reject H0 for any pair. We were still left
with the problem of whether there was a systematic difference in distance. As we had no
reason to suspect such a difference and no way of checking for it we took the view that
there was no systematic difference in the interstellar extinction of the classes for the PNe
in our sample.
Boxplots comparing the distribution of both sets of uxes within the bipolar, polar
and non-polar morphological classes (see 5.2) were produced and are shown in Fig A.1.
They were produced using Matlab © and are in its basic format:
1. There is a box per grouping, in our case morphology.
2. The horizontal line within a box represents the median value.
1The p–value is the probability of obtaining the observed result (or worse) given that the null hypothesis
is true.
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3. The bottom and top of a box represent the 25 percent and 75 percent quantiles
respectively.
4. The dotted lines extend so far as to include approximately 93 percent of the data,
i.e. within about ±2.7σ of the mean for normally distributed data;
5. Data beyond the 93 percent limits are considered to be outliers and are marked by
plus signs.
6. The triangular markers are used to compare the medians of the groups, if the gaps
between the tips of the triangles in two of the boxes do not overlap then their me-
dians are signicantly different at the 5 percent level (assuming normality) (Math-
works 2010).
A KruskalWallis test was performed in order to check whether the uxes for the different
morphologies were from the same distribution. We also plotted the catalogued uxes
against the derived uxes and performed linear regression analyses in order to see if
there was a relationship between the two sets of values.
Although the Hα uxes are less affected by extinction than are the [O] 500.7 nm and
Hβ 486.1 nm uxes we checked for a systematic difference in the interstellar extinction
between the three morphological classes using the method described above. In this case
all three pvalues were in excess of 0.63 so we could not reject the null hypothesis that
the distributions of the Galactic coordinates were the same for each of the classes. We
concluded in the same way as described above that we could proceed on the assumption
that we could neglect interstellar extinction in our analysis. We produced boxplots of the
distribution of our estimated Hα uxes for all three morphological classes and performed
a KruskalWallis test to check whether the uxes for the different morphologies were
from the same distribution. The boxplots are shown in Fig. 4.4.
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4.3 Results
The values obtained for the [O] 500.7 nm and Hβ 486.1 nm line uxes are given in
Table 4.1. The values from the catalogue (Acker et al. 1992b) are also provided for ease
of comparison. Boxplots of those two sets of ux values are shown in Fig A.1 as are
those for the [O]:Hβ ratio.
A KruskalWallis test was performed in order to check whether the uxes for the
different morphologies were from the same distribution. For the Hβ uxes the test p
value of 0.6930 for that null hypothesis for our derived values and a pvalue of 0.6918
for the catalogued values. For the [O] uxes the pvalue for our results is 0.8998 and for
the catalogued values is 0.8214. The null hypothesis that the [O] to Hβ ux ratios for
each of the morphologies comes from the same distribution produced pvalues of 0.7830
and 0.4420. So we cannot reject the null hypothesis, H0, that the ux distributions for the
morphological classes come from the same population in both cases.
Plots of the relationship between the catalogued and derived [O] 500.7 nm and
Hβ 486.1 nm line uxes are shown in Figs. A.2 to A.9. As the catalogued uxes are
also apparent uxes corrected for atmospheric extinction, a direct comparison can be
made with our derived uxes. A line of gradient 1 is drawn on the plots to aid in the
visual comparison. It can be seen that there are a number of off line points for all three
morphologies and for the overall sample. While in general the points follow that line
there are a few outliers.
The regression analyses are meant to be indicative rather than denitive and were
stopped after the rst set of outliers were removed, i.e. only two analyses were made
for each sample. The outliers were removed on the basis of the Cook D statistic (Cook’s
distance) being greater than 4 divided by the sample size for that regression (Cook 1977;
Muller and Mok 1997). The regression statistics after the removal of the outliers are
shown in Table 4.2. The 95 percent condence interval on the gradient brackets 1 in all
four cases. The regression was forced through the origin, i.e. no constant term was per-
mitted.The null hypothesis is merely that there is no relationship between the catalogued
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Table 4.1: The derived [O] 5007 Å and Hβ (4861 Å) fluxes together with the fluxes catalogued in Acker et al. (1992b), where available. The
fluxes are in units of ergs cm−2 s−1. The ratios of the fluxes are also shown.
PNG Morphology [O] Fluxes Hβ Fluxes [O]/Hβ flux ratio Catalogued [O]/Hβ Ratio from Notes
Value Uncertainty Value Uncertainty Value Uncertainty Hβ Fluxes [O] Fluxes flux ratio catalogue/ratio of
from catalogue derived values
000.2 – 01.9 bipolar 6.3 × 10−13 1 × 10−14 3.19 × 10−13 9 × 10−15 1.98 0.06 2.75 × 10−13 7.35 × 10−13 2.67 1.35
000.3 – 04.6 bipolar 2.10 × 10−12 2 × 10−14 2.92 × 10−13 7 × 10−15 7.2 0.2 2.51 × 10−13 1.80 × 10−12 7.15 1.00
000.3+12.2 bipolar 1.37 × 10−10 2 × 10−12 1.01 × 10−11 2 × 10−13 13.6 0.3 1.29 × 10−11 1.29 × 10−10 9.99 0.74 Non-Bulge
000.7 – 07.4 bipolar 2.85 × 10−12 3 × 10−14 . . . 2.69 × 10−13 1.89 × 10−12 7.01 .
000.7+03.2 bipolar 4.93 × 10−13 1 × 10−14 . . . 3.98 × 10−14 3.90 × 10−13 9.79 .
000.7+03.2 bipolar 4.92 × 10−13 7 × 10−15 . . . . . . .
001.4+05.3 bipolar 8.8 × 10−13 1 × 10−14 2.23 × 10−13 5 × 10−15 3.9 0.1 2.00 × 10−13 7.46 × 10−13 3.74 0.95
002.2 – 09.4 bipolar 5.46 × 10−11 5 × 10−13 6.05 × 10−12 8 × 10−14 9.0 0.1 6.17 × 10−12 4.92 × 10−11 2.68 0.30
002.6+02.1 bipolar 3.08 × 10−13 4 × 10−15 . . . 2.00 × 10−14 3.40 × 10−13 17.1 .
002.7 – 04.8 bipolar 1.13 × 10−11 1 × 10−13 2.22 × 10−12 3 × 10−14 5.08 0.08 2.40 × 10−12 1.42 × 10−11 5.90 1.16
004.2 – 05.9 bipolar 2.46 × 10−13 8 × 10−15 . . . 1.26 × 10−13 1.16 × 10−13 0.92 .
006.8+04.1 bipolar 3.10 × 10−12 3 × 10−14 3.13 × 10−13 6 × 10−15 9.9 0.2 3.55 × 10−13 1.06 × 10−11 10.6 1.07 Non-Bulge
007.0 – 06.8 bipolar 1.82 × 10−11 2 × 10−13 2.92 × 10−12 6 × 10−14 6.2 0.1 3.16 × 10−12 1.88 × 10−11 5.93 0.95
009.8 – 04.6 bipolar 6.94 × 10−12 6 × 10−14 1.16 × 10−13 6 × 10−15 60. 3. 5.75 × 10−13 6.65 × 10−12 11.6 0.19
010.7+07.4 bipolar 2.37 × 10−12 2 × 10−14 . . . 1.00 × 10−13 8.49 × 10−13 8.49 . Non-Bulge
351.2+05.2 bipolar 3.11 × 10−13 5 × 10−15 1.21 × 10−12 3 × 10−14 0.26 0.01 7.94 × 10−13 2.07 × 10−13 0.26 1.01
351.9+09.0 bipolar 8.21 × 10−12 7 × 10−14 5.96 × 10−13 9 × 10−15 13.8 0.2 5.01 × 10−13 6.14 × 10−12 12.3 0.89
355.4 – 02.4 bipolar 3.33 × 10−12 3 × 10−14 3.67 × 10−13 6 × 10−15 9.1 0.2 3.98 × 10−13 4.24 × 10−12 10.7 1.18
357.5+03.2 bipolar 8.2 × 10−13 1 × 10−14 4.5 × 10−14 3 × 10−15 18.5 1.3 3.98 × 10−14 4.59 × 10−13 11.5 0.62
357.6 – 03.3 bipolar 5.4 × 10−14 6 × 10−15 7.×10−14 1 × 10−14 0.8 0.1 1.58 × 10−14 1.65 × 10−14 1.04 1.36
359.8+03.7 bipolar 2.58 × 10−13 5 × 10−15 4.3 × 10−14 3 × 10−15 6.0 0.4 7.94 × 10−15 3.51 × 10−14 4.42 0.74
359.8+06.9 bipolar 9.8 × 10−13 1 × 10−14 7.8 × 10−14 5 × 10−15 12.6 0.87 6.31 × 10−14 7.68 × 10−13 12.2 0.96
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Table 4.1 (continued):
PNG Morphology [O] Fluxes Hβ Fluxes [O]/Hβ flux ratio Catalogued [O]/Hβ Ratio from Notes
Value Uncertainty Value Uncertainty Value Uncertainty Hβ Fluxes [O] Fluxes flux ratio catalogue/ratio of
from catalogue derived values
000.3+06.9 polar 8.1 × 10−14 9 × 10−15 . . . .
000.4 – 02.9 polar 1.26 × 10−12 1 × 10−14 2.26 × 10−13 7 × 10−15 5.6 0.2 1.26 × 10−13 7.21 × 10−13 5.73 1.03
000.7 – 03.7 polar 2.37 × 10−12 2 × 10−14 2.41 × 10−13 8 × 10−15 9.8 0.3 2.45 × 10−13 2.41 × 10−12 9.81 1.00
001.5 – 06.7 polar 9.7 × 10−12 1 × 10−13 1.01 × 10−11 1 × 10−13 0.96 0.02 4.68 × 10−11 1.64 × 10−11 0.35 0.37 Non-Bulge
002.3 – 03.4 polar 1.73 × 10−12 2 × 10−14 2.23 × 10−13 7 × 10−15 7.8 0.3 1.55 × 10−13 1.26 × 10−12 8.11 1.04
002.8 – 02.2 polar 1.5 × 10−14 3 × 10−15 9.×10−14 2 × 10−14 0.16 0.05 4.37 × 10−14 . . . Non-Bulge
002.8+01.8 polar 8.4 × 10−14 7 × 10−15 . . . 1.58 × 10−14 2.06 × 10−13 13.0 .
003.7 – 04.6 polar 1.61 × 10−11 1 × 10−13 1.03 × 10−12 1 × 10−14 15.6 0.3 1.12 × 10−12 1.59 × 10−11 14.2 0.91
003.9 – 02.3 polar 4.47 × 10−12 4 × 10−14 5.10 × 10−13 7 × 10−15 8.8 0.2 4.47 × 10−13 3.96 × 10−12 8.87 1.01
004.8 – 05.0 polar 5.32 × 10−12 5 × 10−14 8.0 × 10−13 2 × 10−14 6.6 0.2 1.26 × 10−12 7.94 × 10−12 6.31 0.95
005.0 – 03.9 polar 6.48 × 10−13 8 × 10−15 . . . 6.31 × 10−14 3.54 × 10−13 5.61 .
006.8+02.3 polar 1.15 × 10−12 1 × 10−14 6.8 × 10−14 4 × 10−15 17. 1. 7.94 × 10−14 . 16.61 0.99
006.8+02.3 polar 1.16 × 10−12 1 × 10−14 6.8 × 10−14 4 × 10−15 17. 1. 7.94 × 10−14 . 16.61 0.98
007.5+07.4 polar 4.08 × 10−12 4 × 10−14 6.5 × 10−13 1 × 10−14 6.3 0.1 6.31 × 10−13 3.42 × 10−12 5.42 0.86
009.4 – 09.8 polar 1.11 × 10−11 1 × 10−13 1.49 × 10−12 2 × 10−14 7.5 0.1 1.26 × 10−12 9.73 × 10−12 7.73 1.03
010.7 – 06.7 polar 3.02 × 10−12 3 × 10−14 2.92 × 10−13 8 × 10−15 10.4 0.3 2.51 × 10−13 . 9.08 0.88 Non-Bulge
010.8 – 01.8 polar 2.34 × 10−11 2 × 10−13 2.86 × 10−12 3 × 10−14 8.2 0.1 2.82 × 10−12 2.52 × 10−11 8.93 1.09 Non-Bulge
350.9+04.4 polar 2.68 × 10−12 3 × 10−14 4.02 × 10−12 5 × 10−14 0.67 0.01 3.47 × 10−12 2.36 × 10−12 0.68 1.02
351.1+04.8 polar 6.66 × 10−12 6 × 10−14 1.23 × 10−12 2 × 10−14 5.41 0.08 1.00 × 10−12 5.46 × 10−12 5.46 1.01
352.1+05.1 polar 7.19 × 10−12 6 × 10−14 7.4 × 10−13 1 × 10−14 9.7 0.2 3.16 × 10−13 3.03 × 10−12 9.57 0.98
352.8 – 00.2 polar 2.08 × 10−12 2 × 10−14 1.32 × 10−13 5 × 10−15 15.8 0.6 6.31 × 10−14 9.94 × 10−13 15.8 1.00 Non-Bulge
353.7+06.3 polar 9.8 × 10−13 1 × 10−14 4.2 × 10−13 1 × 10−14 2.34 0.07 2.51 × 10−13 5.25 × 10−13 2.09 0.89
355.9 – 04.2 polar 2.72 × 10−12 2 × 10−14 1.64 × 10−12 2 × 10−14 1.66 0.03 1.70 × 10−12 2.60 × 10−12 1.53 0.92
357.0+02.4 polar 2.72 × 10−13 6 × 10−15 2.3 × 10−14 2 × 10−15 12. 1. 1.26 × 10−14 1.49 × 10−13 11.86 0.98
357.1+03.6 polar 2.34 × 10−12 2 × 10−14 4.73 × 10−13 9 × 10−15 5.0 0.1 5.13 × 10−13 2.68 × 10−12 5.22 1.05
357.1+04.4 polar 3.02 × 10−13 7 × 10−15 3.5 × 10−14 3 × 10−15 8.6 0.8 1.26 × 10−14 1.22 × 10−13 9.66 1.13
358.8+03.0 polar 6.69 × 10−13 9 × 10−15 5.0 × 10−14 3 × 10−15 13.3 0.9 3.16 × 10−14 4.52 × 10−13 14.3 1.08
359.7 – 01.8 polar 1.25 × 10−12 1 × 10−14 7.4 × 10−14 4 × 10−15 16.9 0.8 3.98 × 10−14 6.83 × 10−13 17.2 1.01
359.9 – 04.5 polar 6.97 × 10−12 6 × 10−14 6.8 × 10−13 1 × 10−14 10.3 0.2 6.31 × 10−13 6.75 × 10−12 10.7 1.04
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PNG Morphology [O] Fluxes Hβ Fluxes [O]/Hβ flux ratio Catalogued [O]/Hβ Ratio from Notes
Value Uncertainty Value Uncertainty Value Uncertainty Hβ Fluxes [O] Fluxes flux ratio catalogue/ratio of
from catalogue derived values
000.9 – 02.0 non-polar 9.8 × 10−13 1 × 10−14 . . . 1.58 × 10−14 1.75 × 10−13 11.02 .
002.2 – 02.5 non-polar 3.81 × 10−13 8 × 10−15 3.5 × 10−14 4 × 10−15 11. 1. 4.57 × 10−15 3.75 × 10−14 8.21 0.75
003.8+05.3 non-polar 6.29 × 10−13 8 × 10−15 6.4 × 10−14 3 × 10−15 9.9 0.5 4.47 × 10−14 3.19 × 10−13 7.14 0.73 Non-Bulge
004.0 – 11.1 non-polar 1.06 × 10−11 1 × 10−13 1.94 × 10−12 3 × 10−14 5.45 0.09 2.51 × 10−12 1.50 × 10−11 5.99 1.10 Non-Bulge
004.8+02.0 non-polar 3.9 × 10−14 2 × 10−15 5.8 × 10−14 4 × 10−15 0.67 0.07 4.47 × 10−14 2.59 × 10−14 0.58 0.87 Non-Bulge
005.8-06.1 non-polar 2.47 × 10−11 2 × 10−13 1.88 × 10−12 2 × 10−14 13.2 0.2 1.86 × 10−12 2.32 × 10−11 12.4 0.94 Non-Bulge
006.1+08.3 non-polar 1.33 × 10−11 1 × 10−13 1.33 × 10−12 2 × 10−14 10.0 0.2 1.17 × 10−12 1.14 × 10−11 3.26 0.33
008.3 – 01.1 non-polar 3.41 × 10−12 4 × 10−14 1.86 × 10−13 5 × 10−15 18.4 0.6 1.95 × 10−13 3.66 × 10−12 19. 1. Non-Bulge
349.8+04.4 non-polar 1.00 × 10−11 1 × 10−13 1.27 × 10−12 2 × 10−14 7.9 0.1 1.45 × 10−12 1.14 × 10−11 7.92 1.00 Non-Bulge
352.0 – 04.6 non-polar 1.81 × 10−12 2 × 10−14 1.32 × 10−13 4 × 10−15 13.7 0.4 7.41 × 10−14 9.79 × 10−13 13.2 0.96
353.3+06.3 non-polar 4.67 × 10−12 4 × 10−14 6.4 × 10−13 1 × 10−14 7.3 0.1 1.26 × 10−12 8.72 × 10−12 6.93 0.95
355.6 – 02.7 non-polar 5.50 × 10−12 5 × 10−14 5.41 × 10−13 9 × 10−15 10.2 0.2 3.16 × 10−14 4.74 × 10−13 15.0 1.47
357.3+03.3 non-polar 1.7 × 10−14 2 × 10−15 2.0 × 10−13 3 × 10−14 0.09 0.01 1.10 × 10−13 . . . Non-Bulge
357.3+04.0 non-polar 1.01 × 10−12 1 × 10−14 1.05 × 10−13 4 × 10−15 9.7 0.4 5.01 × 10−14 4.79 × 10−13 9.55 0.99
358.2+03.5 non-polar 1.11 × 10−12 1 × 10−14 7.2 × 10−14 3 × 10−15 15.5 0.6 6.76 × 10−14 1.16 × 10−12 17.2 1.11
358.2+04.2 non-polar 1.04 × 10−12 1 × 10−14 1.25 × 10−13 4 × 10−15 8.27 0.31 8.71 × 10−14 5.19 × 10−13 5.96 0.72
358.6+07.8 non-polar 2.82 × 10−12 3 × 10−14 3.15 × 10−13 6 × 10−15 9.0 0.2 3.55 × 10−13 . . . Non-Bulge
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Table 4.2: The parameters and regression statistics for the Hβ and [O] 5007 Å regressions
of catalogued against derived flux. The p–values are all less than 0.0001. The regression was
forced through the origin, i.e. there is no constant term. These are the values after the outliers are
removed. Not all of the PNe were observed in these lines and flux values were not available for
all of the PNe.
Line Morphology gradient t-statistic R2
value 95% conf. interval standard
lower upper error
Hβ bipolar 0.982 0.829 1.136 0.0705152 13.9281 0.94
polar 0.963 0.890 1.037 0.0355259 27.1113 0.97
non-polar 1.123 0.806 1.441 0.145709 7.70856 0.82
all 1.023 0.965 1.081 0.0291228 35.1256 0.96
[O] bipolar 1.067 0.899 1.235 0.0800654 13.3283 0.90
polar 0.913 0.820 1.006 0.0445413 20.4949 0.95
non-polar 0.936 0.703 1.170 0.107114 8.73995 0.94
all 1.026 0.953 1.099 0.0363029 28.2659 0.93
and the derived values, i.e. the points on the graphs are randomly distributed, so no great
import should be placed on the pvalues. While the R2 values tell us that the regression
models account for the great majority of the relationship between the catalogued and de-
rived values, the plots of the standardized residuals tell us that our regression models are
in fact incorrect. There are trends and/or curvature in the distributions of the residuals
which suggest that there are problems with our estimate of the gradient and/or in the as-
sumption of constant variance of the residuals (required for the least squares model). A
more complex model may enable those problems to be resolved.
We may learn more from the outliers. Why is it that our derived uxes differ so
much from the catalogued uxes for these PNe? As stated in §4.1, PN G 355.1-06.9 was
removed on the basis that it appears to contain, or to be, a very luminous emission line
star. The other outliers we removed are shown in Table 4.3. There is little information
available on what makes the derived and catalogued [O] and/or Hβ uxes such a poor
match.
The uxes for the [S] 671.6 and 673.1 nm lines that we obtained for PN G 000.3+12.2
with the assistance of the line ratio derived from the values in Acker et al. (1992b) are
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Table 4.3: The PNe for which the match of the derived and catalogued Hβ or [O] 5007 Å fluxes
is poor.
PN G Morphology Line flux / mW m−2 Comment
derived catalogued
000.3+12.2 bipolar Hβ 1.01 ± 0.02 × 10−11 1.29 ± 0.03 × 10−11 Likely to be fully ionized.
000.3+12.2 bipolar [O] 1.37 ± 0.02 × 10−10 1.29 × 10−10
002.2–09.4 bipolar Hβ 6.05 ± 0.08 × 10−12 6.2 ± 0.4 × 10−12
002.2–09.4 bipolar [O] 5.46 ± 0.05 × 10−11 4.92 × 10−11
007.0–06.8 bipolar Hβ 2.92 ± 0.06 × 10−12 3.2 ± 0.7 × 10−12
001.5–06.7 polar Hβ 1.01 ± 0.01 × 10−11 5.±1 × 10−11 5 GHz radio flux of 130 mJy
001.5–06.7 polar [O] 9.7 ± 0.1 × 10−12 1.6 × 10−11
010.8–01.8 polar [O] 2.34 ± 0.02 × 10−11 2.52 × 10−11 5 GHz radio flux of 170 mJy
350.9+04.4 polar Hβ 4.02 ± 0.05 × 10−12 3.5 ± 0.2 × 10−12
004.0–11.1 non-polar Hβ 1.94 ± 0.03 × 10−12 3.±1 × 10−12
004.0–11.1 non-polar [O] 1.06 ± 0.01 × 10−11 1.50 × 10−11
005.8–06.1 non-polar Hβ 1.88 ± 0.02 × 10−12 1.86 ± 0.04 × 10−12
005.8–06.1 non-polar [O] 2.47 ± 0.02 × 10−11 2.32 × 10−11
006.1+08.3 non-polar Hβ 1.33 ± 0.02 × 10−12 1.17 ± 0.03 × 10−12 small, very bright, CSPN
1.83±0.05×10−13 and 3.23±0.08×10−13 mW m−2 respectively. These compare with the
catalogued values from Acker et al. (1992b) of 2.19±0.05×10−13 and 3.86±0.09×10−13
mW m−2 based on those author’s Hβ ux value of 1.29± 0.03× 10−11 mW m−2. As there
is no quoted uncertainty for the line ratios in the catalogue the quoted uncertainties for
all four [S] uxes are lower limits.
The results for the Hα and [N] 6583 ¯ lines are shown in Table 4.4. The boxplots
in Fig. 4.4 give no indication of a difference in either of those line uxes between the
different morphologies. This is conrmed by the pvalues of 0.5048 from the KW test
for Hα, and 0.3670 from the KW test for [N] 6583 ¯, which are both signicant at the
0.001 level. As the [N] 6583 ¯ ux is 3.05 times that of [N] 6548 ¯, no boxplot was
produced for the latter line and an additional KW test was not required.
Table 4.4 shows that there is a very poor match between our derived Hα and [N] ux
values and the catalogued values (Acker et al. 1992b). We did not take into account the
lter tilt problem described in Ruﬄe (2006) in deriving the values, a spot check of a few
results after making the allowance described in that thesis made matters worse however.
We suspect that there is a problem with the tabulated transmission values for the #654
(interference) lter. The shape of the transmission curve for that lter is such that even a
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Figure 4.4: The boxplots for the derived Hα and [N] 6583 Å fluxes.
small change in the incident wavelength (or equivalently a shift in the transmission curve)
can cause a major change in the transmission values for the Hα line and both the [N]
lines, see Fig. 2.4. A 5 ¯ reduction in the wavelengths would decrease the transmission
of the [N] 6548 ¯ line by 13 percent and to increase the transmission of Hα and [N]
6583 ¯ lines by 14 percent and 81 percent respectively. The overall increase in the
transmission of [N] would only be about 1 percent. The net result of such a shift would
be a drop in our Hα ux estimate and a worsening of the situation. Taking values from
the revised transmission curve presented in Figure 2.3 of Ruﬄe (2006) produces a drop
in the transmission of Hα from 0.26 to 0.25 and a drop in the transmission of [N] from
0.12 to 0.10. The effect would be marginal on our results.
We have used the line intensity values compared to Hβ from Acker et al. (1992b) in
order to derive our Hα ux values. For PN G 351.9+09.0 those catalogued line intensity
ratios are 581 for Hα and only 3 for [N] 6583 ¯ (6584 ¯ in the catalogue) so it appears
that for this PN the inuence of [N] on the outcome should be negligible. From Table 4.1
we see that the catalogued Hβ ux is 5.01 × 10−13 mW m−2 and our derived value is
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5.96 ± 0.09 × 10−13 mW m−2 with the derived value 1.1 times that of the catalogued
value. From Table 4.4 we see that the catalogued Hα ux is 2.9 × 10−12 and our derived
value is 8.9 × 10−13 mW m−2 with the derived value 0.31 that of the catalogued value.
Our observed total ux values were derived in the same way for all the lters so this
similarity in the Hβ ux values coupled with the low level of the [N] 6584 ¯ ux value
of 1.5 × 10−14 mW m−2derived from the catalogue suggests that combining values from
the catalogue with the results from our observations is not a viable procedure. The ratio
of the observed ux through the #654 lter to the calculated catalogue Hα ux is 0.085.
Using the transmission values provided by ESO this result could be produced were the
wavelength of the Hα line shifted by 12.5 or -31.5 ¯.
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Table 4.4: Derived Hα (6563 Å) and [N] 6548 Å and 6583 Å fluxes together with estimates of
the Hα fluxes derived from the Hβ fluxes and the Hα line intensities catalogued in Acker et al.
(1992b). Not all of the PNe were observed in those lines and catalogued information to enable
the derivation was not available for all of them. The fluxes are in units of ergs cm−2 s−1. The ra-
tio of the discrepancy (denoted ∆Hα) between the Hα fluxes and the catalogued flux is also shown.
PNG Morphology Derived Fluxes Catalogued ∆Hα/
Hα [N] Hα Cat(Hα)
6563 Å 6548 Å 6583 Å Flux percent
000.2–01.9 bipolar 1.3E-012 2.0E-013 6.0E-013 3.6E-012 64.
000.3–04.6 bipolar 1.1E-012 6.2E-013 1.9E-012 1.9E-012 39.
002.7–04.8 bipolar 7.8E-012 1.2E-012 3.7E-012 1.3E-011 38.
009.8–04.6 bipolar 1.1E-012 1.2E-013 3.6E-013 3.8E-012 72.
351.2+05.2 bipolar 4.0E-012 1.4E-012 4.3E-012 5.4E-012 27.
351.9+09.0 bipolar 8.9E-013 1.5E-015 4.6E-015 2.9E-012 69.
355.1–06.9 bipolar 5.3E-012 5.2E-013 1.6E-012 1.2E-011 55.
355.4–02.4 bipolar 2.0E-012 6.6E-013 2.0E-012 4.6E-012 58.
357.5+03.2 bipolar 4.9E-013 1.8E-013 5.5E-013 3.9E-013 -25.
357.6–03.3 bipolar 2.4E-013 4.8E-014 1.5E-013 4.0E-013 41.
359.8+05.6 bipolar 1.5E-012 3.1E-013 9.3E-013 3.8E-012 62.
359.8+06.9 bipolar 4.8E-013 2.0E-013 6.2E-013 6.7E-013 27.
000.4–02.9 polar 2.0E-013 6.6E-015 2.0E-014 1.0E-012 80.
002.3–03.4 polar 5.7E-013 6.6E-014 2.0E-013 8.7E-013 35.
002.8–02.2 polar 4.3E-013 1.4E-013 4.2E-013 3.5E-013 -24.
003.7–04.6 polar 5.2E-013 7.9E-015 2.4E-014 6.6E-012 92.
003.9–02.3 polar 2.0E-012 3.8E-013 1.2E-012 6.5E-012 70.
004.8–05.0 polar 8.8E-013 1.9E-014 5.7E-014 5.5E-012 84.
007.5+07.4 polar 1.6E-012 3.2E-013 9.8E-013 2.6E-012 40.
009.4–09.8 polar 1.1E-012 3.2E-014 9.8E-014 6.0E-012 81.
350.9+04.4 polar 8.8E-012 1.2E-012 3.6E-012 2.1E-011 59.
351.1+04.8 polar 7.6E-012 7.6E-013 2.3E-012 7.0E-012 -8.4
352.1+05.1 polar 1.7E-012 3.6E-013 1.1E-012 1.9E-012 9.1
352.8–00.2 polar 1.6E-012 1.4E-013 4.3E-013 2.3E-012 31.
353.7+06.3 polar 2.6E-012 3.7E-013 1.1E-012 1.5E-012 -81.
357.1+03.6 polar 4.8E-012 2.7E-013 8.2E-013 4.7E-012 -2.8
358.8+03.0 polar 1.5E-013 2.7E-014 8.1E-014 4.1E-013 64.
004.0–11.1 non-polar 1.5E-012 1.0E-013 3.1E-013 8.0E-012 81.
005.8–06.1 non-polar 3.3E-012 1.0E-012 3.1E-012 8.1E-012 59.
352.0–04.6 non-polar 6.4E-013 4.2E-013 1.3E-012 7.5E-013 15.
357.3+04.0 non-polar 6.2E-013 7.1E-015 2.2E-014 1.4E-012 57.
358.2+03.5 non-polar 1.6E-013 4.1E-015 1.3E-014 1.0E-012 84.
358.2+04.2 non-polar 3.5E-013 5.7E-014 1.7E-013 1.2E-012 72.
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4.4 Discussion and conclusions
In the case of [O] and Hβ the approach taken has produced values that are reasonably
consistent with catalogued values obtained by means of spectroscopy. This is not the
case for a number of PNe however. The problem may lie in the crowded elds with
which some PNe are aligned. It was not possible to get a 100 per cent removal of stellar
residuals when aligning the two images used in the background subtraction. There were
two reasons for this, pixelation and the fact that the psf of the stars were not identical in
each image. Consequently the background subtraction was not perfect.
In the case of the Hα or [N] uxes the problems are even greater. While there are 150
observations using the #654 lter there are only 11 observations using the #653 lter and
those were taken in the rst period, one on the second of June and the remainder on the
fourth of June. In all cases the total line uxes through the #653 lter were greater than
those through the #654 lter despite the expectation that the Hα ux would be greater
through the latter. We suspect that this may be due to the transmission through the listed
lter being incorrect. The alternative of using the catalogued line ratios to separate out
the Hα and the [N] uxes was not successful. The ratio between those uxes in the
last column of Table 4.4 shows a poor match between the derived values and values
obtained by only using the Hβ uxes and line ratios to Hβ in that catalogue. Moreover,
the problem does not appear to be systematic. We can therefore place no reliance on the
results we have obtained for the Hα or [N] uxes. Given the shift in wavelength required
to bring the Hα ux value for PN G 351.9+09.0 to that derived from the catalogued values
and that the transmission values at those critical wavelengths appear to be little changed
when ESO remeasured the #654 lter transmission values for Ruﬄe, the ageing of the
lter does not appear to be the problem and there may be a problem in ESO’s method of
determining the transmission values for that lter.
The results of the KruskalWallis test lead us to conclude that whether a PNe is
bipolar, polar or non-polar has no effect on the line uxes for:
1. the Hβ 486.1 nm line;
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2. the [O] 500.7 nm line; and by implication
3. the [O] 495.9 nm line.
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5Morphologies
5.1 Introduction
The morphologies of planetary nebulae (PNe) have been a subject of discussion for many
years and there are a number of different morphological classications such as those by
Balick (1987), Manchado et al. (2000) and Parker et al. (2006). Corradi and Schwarz
(1995) describe a number of differences between bipolar PN and other morphological
types including size, outow velocities and chemistry. Stanghellini et al. (2002) states
that in the Disc, on average, round, elliptical and bipolar PN morphologies occur at de-
creasing distances from the Galactic Plane. Sabbadin (1986) state that PN morphology is
related to the progenitor mass and Manchado (2003) states that the Galactic distribution
together with chemical abundances suggest that round, elliptical and bipolar PN are from
classes of progenitors of increasing mass and that bipolar PN are Type I PN whereas
round and elliptical PN are of Type II (see §1.1).
However, stars in the Galactic Bulge form a population of much the same mass so
any variation in morphology must be due to some other factor. For example a bipolar
morphology might be caused by high angular momentum, which implies a companion.
Other parameters that might inuence the morphology are metallicity, size and location.
The aims of the morphological study were:
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1. to classify the morphology of Galactic Bulge PNe; and
2. to determine any relationship that might exist between PN morphology and size or
location within the Bulge.
Given that the distance to the Bulge is constrained we have estimated the sizes of the
PNe and investigated the relationship of PN class and size to location within the Bulge.
We have also investigated the relationship between PN size and class. However, it has to
be remembered that the observed morphologies are the two-dimensional projections of
three-dimensional objects.
Some of the observed PN have also been discussed by Richer et al. (2008), Ruﬄe
et al. (2004) and Bedding and Zijlstra (1994). Information on the metallicities of some of
the PNe can be found in Ratag et al. (1997), Perinotto et al. (2004), G·orny et al. (2009,
2004), Chiappini et al. (2009), Escudero and Costa (2001), Girard et al. (2007) and the
associated catalogues on the VizieR Astronomical Server. Information on binarity for a
few of the PNe can be found in Miszalski et al. (2009c,a), and de Marco (2009).
5.2 Our morphological classification
5.2.1 Introduction
We have classied the PNe in our sample using a simple classication scheme consisting
of the three basic shapes, round, elliptical and bipolar. We also divided the round and
elliptical classes into those where a polar angle could be determined and those where
it could not. Additionally, we have subdivided the elliptical classes by the ratio of the
lengths of their principal axes.
The classication was made on the basis of observations made using the Hα lters
of the respective instruments (EMMI, and the PC of the WFPC2). Images taken through
other EMMI lters were occasionally used to assist in the decision. The HST images
were used to determine the morphologies of the ve Bulge PNe for which both NTT and
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HST observations were available, namely PN G 002.303.4, 008.2+06.8, 351.1+04.8,
355.402.4 and 356.103.3.
5.2.2 The classification
We have used the following morphological classication.
Bilobed: PN where the images show evidence of a lobe structure. These are denoted
by B followed by c for closed lobes, o for open lobes, m for mixed lobes, or r
where what appear to be the remnants of lobes are visible or no lobes are present
but the structure suggests that lobes were once visible. Where the lobes are very
faint and could be confused with deconvolution artifacts we have inspected the
undeconvolved image and images taken using other lters for visual conrmation
of their presence. Note that point symmetry does not form a class of its own, e.g.
PN G 003.2-06.2 (shown in Fig. 5.1) was also classied as bipolar.
Multi-lobed: denoted by M followed by the number of lobes then o for open lobes, c for
closed lobes, m for mixed lobes or r where only the remnants of lobes are present.
We use the term bipolar to cover both the bilobed and multi-lobed classes.
Elliptical: A PN is considered to be elliptical if it is neither bipolar nor round.
• Polar: An elliptical PN is considered to be polar if the contours or shading of
the image indicates structure within the PN shell, i.e within that part of the
PN structure above 10 per cent of the peak ux level, and that structure has
an identiable direction. The polar direction is taken to be the direction of the
lower intensity region as judged by eye and the equatorial direction to be that
of a straight line between the mid points of the largest ux regions on either
side of the low intensity region. Polar PNe are designated by E p followed by
the ratio of the lengths of the polar to equatorial axes of the shell given to one
decimal place.
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• Non-polar: An elliptical PN that cannot be classied as polar. We use En
followed by the ratio of the lengths of the major to minor axes of the shell.
The ratio is given to one decimal place.
Round: Denoted by Ep1 or En1 as appropriate, we have classied a PN as round if
1.0 lies within the range of values of the ratio of its axis lengths allowing for the
uncertainties. However, this does have the disadvantage that large uncertainties can
cause an elliptical PN to be classied as round and higher resolution images could
force a change of classication.
We felt no need to classify any of the PNe in the nal sample as irregular.
In order to ensure consistency the author estimated the morphology of the PNe for
both data sets. Figure 5.1 shows examples from each class.
5.2.3 Reservations
In order to get some feel for the accuracy of the morphological classication I classied
the PNe in the images in Manchado et al. (1996). Only the images listed as Hα, [N], or
Hα+[N] were used. Of 44 PNe that Manchado et al. classied as either bipolar or point
symmetric (7), I classied 37 as bipolar i.e. 84 percent. Of 60 PNe that I classied as
bipolar they classied 37 as either bipolar or point symmetric, only 62 percent. However,
the morphological classication of the PNe used in the data set for this thesis was made
with the assistance of intensity contours placed on the images (see Figs. C.1 and C.2) so
this authors accuracy is likely to have been better than the statistics suggest.
5.3 The observations
The data sets and the equipment used for observing are described in section 2.1.3 and
section 2.2. The observations of Bulge PNe used comprise 103 images taken by the
EMMI instrument of the European Southern Observatory (ESO) 3.5 m New Technology
Telescope (NTT) in June, July and August of 2003 and 35 images taken by the WFPC2 of
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PN G 002.7-04.8
PN G 003.2-06.2 PN G 359.8+05.2
Figure 5.1: Examples of the classifications of the PNe. PN G 000.2-01.9 and PN G 003.2-06.2
were classified as bipolar Bc. PN G 002.7-04.8 was classified as multilobed bipolar M3c, and
PN G 359.8+05.2 as a bipolar remnant, Br. (Our bipolar category includes those PNe deemed to
be the remnants of bilobed or multilobed PNe.) PN G 005.2+05.6 was classified as round polar
Ep1, round because the ratio of the length of its polar axis to that of its equatorial axis is 1.1± 0.1
which encompasses 1.0, and polar as the contours suggest less dense material in the NW and SE
directions. PN G 001.7-05.7 shows no such loss and was classified as non-polar En1.5 as it has
an axis length ratio of 1.5 ± 0.2. The contours start at 10 percent of the peak Hα PN intensity and
are at 10 percent intervals. The greyscale corresponds to the deconvolved Hα image. Each plot
has North at the top and East at the left and the tick marks on the axes are separated by 5 arcsec.
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the Hubble Space Telescope (HST) in 2002 and 2003. The selection criteria are given in
§3.2. The NTT images were taken through the #654 Hα lter (3.3 nm wide at 655.4 nm)
and have an image scale of 0.333 arcsec per pixel, (Gonzalez et al. 2006). Images taken
through other EMMI lters were on occasion used to assist in the determination of the
morphological class and to locate aligned stars. The HST images were taken through
the F656N lter (2.2 nm wide at 656.4 nm) and have an image scale of 0.046 arcsec per
pixel, (Biretta 2001).
5.4 The contour plots
The contour plots of the NTT images and the HST images are presented in Figures C.1
and C.2 respectively. Each cropped image was produced using / and the grey-
scale manipulated and the contours (isophotes) added using the NASA HEASARC fv
system. A plot from an NTT observation has North at the top and East at the left and
the tick marks on the axes are separated by 5 arcsec unless the image is annotated to the
contrary. The orientation and scale of each HST observation plot is marked on that plot.
The contours are at approximately 10 per cent intervals of the maximum PN intensity in
the waveband and start at 10 per cent. The intensity of the grey-scale background may
be linear or log scaled. They enable a more accurate judgement to be made as to the
dimensions and orientation of each PN.
Contour plots from both the NTT and HST observations of the ve Bulge PNe for
which both sets of observations were available, PN G 002.303.4, 008.2+06.8, 351.1+04.8,
355.402.4 and 356.103.3, are shown in Fig. C.3. The differences in the contour plots
show the benet of high resolution images. However, only PN G 008.2+06.8 would
have been misclassied and the differences in the estimated sizes between the two sets of
measurements of the other four PNe are not large (see Table B.8).
112 THE MORPHOLOGY OF PLANETARY NEBULAE
5.5: THE MEASUREMENTS
5.5 The measurements
5.5.1 The measures
A number of measurements are tabulated for each of our morphological classes. The
measurements of the central structures of the PNe were taken at 10 percent of the peak
nebular intensity level. Those of any halos or lobes were taken at the 1 percent level or,
where stated in tables B.1 and B.2, at a lower intensity level if the deconvolved image
permitted this to be sensibly done. Tables B.1 to B.7 give the following information for
PNe in the various morphological classes:
For the elliptical and round PNe the tables show:
1. the PN G designation;
2. the PN classication;
3. if the CSPN can be seen in the image - Yes, or in the off band image - OB, or
neither - No;
4. the angle of the polar or major axis from North;
5. the angle of the equatorial axis from North where applicable;
6. the lengths estimated in arcseconds along both the major (polar) and minor (equa-
torial) axes;
7. the lengths estimated in parsecs along those axes, obtained by scaling those values
using a value of 8.0 ± 0.8 kpc as the distance to each PN;
8. the ratio of the major to minor axes lengths or polar to equatorial lengths where
identied.
9. in those PN where a central low intensity region is visible the average thickness of
the shell expressed as a ratio of the outer extent of the PN’s 10 percent intensity
level, i.e. the distance between the contour at approximately half way from the low
BRYAN REES 113
5: MORPHOLOGIES
central ux level to the general peak ux level of the shell and the outer 10 percent
ux level contour, divided by the distance from the centre of the PN to that outer
contour;
10. the end to end length of any halo that can be detected around elliptical, round, or
irregular PNe is given as a multiple of the length of the shell in that direction;
11. any other item of note.
The major and minor axes for the non-polar PNe are the long and short axes respectively.
The polar and equatorial axes of polar PNe are as described in §5.2.2 if both can be
identied. If only one of them can be identied the other is taken as perpendicular to it
in the two dimensional image. If neither can be identied the major axis is identied and
the minor axis is taken as perpendicular to that.
For the bipolar PNe and bipolar remnants: The rst three and the last items of the
tables are as listed above. The polar angle, as determined from the outows, and where
possible, the equatorial angle are given. Also, where the alignment of the principal lobes
is considerably different from the polar angle the lobe alignment is given in the notes.
The other items of information are replaced by the following:
1. The lengths of the PN from lobe tip to lobe tip and the maximum width across the
lobes;
2. an estimate of the average thickness of the lobes;
3. the estimated lengths along both equatorial axis and along or parallel to the polar
axis of the central dense region;
4. in those PN where a central low intensity region is visible the thickness of the shell
estimated as a ratio of its extent; and
5. the ratio of the tip to tip length to that of the waist (equatorial axis).
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We estimated the thicknesses of shells and lobes from a contour at an intensity about
half way between the highest encircling contour of the outer feature and the minimum
intensity of the inner feature to the outer contour of the feature.
Apart from the length from lobe tip to lobe tip of a bipolar PN, the lengths and dis-
tances we describe above are all measured from one side of a contour to the other. For
economy we shall generally refer to them all using the term diameter. This does not im-
ply that they pass through the centre of the area enclosed by the contour. In particular it
does not imply that the contour is in the form of a circle or the projection of a circle. The
particular length being referred to will be obvious from the context.
5.5.2 Method
The measurements were taken from the cropped, and in the case of the NTT images
deconvolved, images. In the case of the NTT images we also checked for the effect of
wavelength change on the lter characteristics due to the lter tilt angle (see §2.1.2) and
all the observations we used include the H  line at at least a 25 percent transmission level.
In order to ensure consistency the same person measured all the PNe.
While the NTT image reduction and much of the manipulation of the NTT images
was done using /, the measurement of the diameters of all the images proved
faster using the NASA HEASARC fv system. We allowed an uncertainty of 2 pixels
for each length measurement as we considered this to be sufficient to allow for the ef-
fects of pixelation, the use of contours within fv and the effects of deconvolution. Where
aligned stars clearly changed the contour alignments we increased that uncertainty. Er-
rors in judging the peak intensity level on which the contours should be based given the
presence of a CSPN or aligned star was more problematic and avoiding these was more
subjective than objective. We converted the NTT pixel values to arcseconds using the
binned pixel equivalent value of 0.333 arcsec (Gonzalez et al. 2006) to which no uncer-
tainty was applied. Similarly, we applied a factor of 0.045507 arcsec per pixel to the HST
images (Space Telescope Science Institute. WFPC2 Aperture File. [online]). The result
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was then converted to parsecs using a value of 8.0±0.8 kpc as the distance to the PN (see
§3.2).
5.5.3 Results
The classification
We classied 42 of the nebulae from the sample of 138 PNe as bilobed and two as multi-
lobed. We classied the remaining 94 as elliptical or round with 63 as polar and 31
as non-polar. Thirty one of the polar and 23 of the non-polar PNe were classied as
round. However, given the criteria that we have used to determine whether a PN is
round or elliptical, it is clear that higher resolution images would cause a reduction in
the proportion of round PNe. It is noticeable that we have classied 72 per cent of the
non-bipolar PNe imaged by the NTT as round but only 13 per cent of those imaged by
the HST. Due to this discrepancy and likely bias we decided not to analyse the round PNe
as a separate class.
The measurements
The measurements of the PNe are shown in Tables B.1 - B.7. While both NTT and
HST observations were available for ve of the PNe, PN G 002.303.4, 008.2+06.8,
351.1+04.8, 355.402.4 and 356.103.3, Tables B.1 - B.7 only show the measurements
based on their HST observations. However, the measurements from both sets of observa-
tions of those ve PNe are compared in Table B.8. PN G 008.2+06.8 is the only one of
the ve that would have been misclassied and the differences in the estimated sizes for
the other four PNe are not large.
PN ellipticity
The distribution of the ellipticity (measured as the ratio between the longest and shortest
selected axes) is shown in Figure 5.2. As one might expect the percentage of PNe with
a given ellipticity falls as the ellipticity rises for both polar and non-polar PNe. Bipolar
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PNe differ in that there is an apparent peak in the numbers with ellipticity in the interval
(1.5, 2.0]. However, unlike the other classications where the measurements were taken
at the 10 per cent ux level, the measurements of the bipolar PNe refer to the lobes and
were taken at lower ux levels, the 1 per cent level wherever possible. Bipolar PNe by
denition have a constraint on outow in certain directions so ‘round’ lobes are not to be
expected.
PN size
The distribution of the PN diameters at the ten per cent intensity level is given in Fig. 5.3.
It can be seen from the histograms for the overall sample that the frequencies generally
fall as the diameters rise except in the case of the equatorial diameters of the polar PNe
where the frequencies show little change until the diameter reaches around 7.5 arcsec then
halves and falls away. Note that diameters of the non-polar PNe tend to be concentrated at
lower values than those of the polar PNe with the percentage falling faster with increasing
diameter. In the polar/major axis direction the bipolar PNe have a similar distribution of
sizes as the other PNe but their lobes have a much atter size distribution extending out
to twice the maximum size of any PNe measured at the 10 percent intensity level. In the
equatorial direction the bipolar PNe have a greater frequency of PNe with large sizes at
the 10 percent intensity level than do the other morphologies but only marginally so.
5.6 Morphology, size and location
5.6.1 Analysis
We used graphical methods to investigate the relationship between morphology and size
and location. The graphs, shown in Figures 3.1, 5.35.4 and 5.65.8, were prepared using
Matlab ©. Inspection of the graphs suggested that no statistical analysis was required.
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Figure 5.2: The ellipticities of those PNe that were measured. The top plot shows the full range
while the bottom plot, in which the top bin also includes all values greater than 2.5, provides
greater detail. The ellipticities of the polar and non-polar PNe were measured at the 10 per cent
flux level; those of the bipolar PNe were measured at the flux level of the lobes.
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Figure 5.3: The histograms of the diameters of the PNe in the sample. The diameters are all mea-
sured at the 10 per cent intensity level apart from those of the bipolar lobes, which are measured
at the 1 per cent level unless stated otherwise in table B.1 or B.2.
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5.6.2 Results
Scale Height
Fig. 5.4 shows the cumulative frequency of PNe of each class against the magnitude of
longitude, the magnitude of latitude and the projected radial distance from the Galactic
Centre. It provides no evidence for a scale height effect within the Bulge. The plots for
each morphology track each other closely and the condence limits overlap.
Size and latitude
The relationships between PN size and |b| can be seen from Fig. 5.6. There is no apparent
correlation between either PN diameter or PN area (taken as maximum length times
maximum width) and |b| for any of the morphologies. However, there may be some
variation in respect of the maximum values.
For bipolar and polar PNe, while there are no correlations between the areas and
|b|, there does appear to be a pattern when dealing with the largest areas in each interval.
However, apart from two possible outliers, PN G 008.4-03.6 and 359.8+05.2, that pattern
follows the proportion of PNe in each morphological class within each interval and so
does not suggest some physical relationship with location. The patterns for both the long
and the short diameters also appear to follow the proportions of PNe in each interval apart
from two outliers, PN G 008.4-03.6 and PN G 005.9+02.6 in the case of the long diameter
and one, PN G 359.8+05.2 in the case of the short diameter. Note that we have no 5 GHz
radio ux measurement available to constrain the distance for either PN G 005.9+02.6 or
359.8+05.2. Note also that the images of PN G 008.4-03.6 and 359.8+05.2 are very faint
so that there is an increased likelihood of measurement error.
Size and longitude
The relationships between PN size and |l| can be seen from Fig. 5.7. There appears to be
no relationship between polar diameter and |l| for either elliptical or round PNe. However,
apart from two possible outliers PN G 005.9+02.6 and 008.4-03.6 (neither of which has
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Figure 5.4: The cumulative frequencies of the different categories of PNe against the magnitude
of the longitude, latitude, and projected radial distance. The frequencies (solid lines) were pro-
duced in Matlab © using a Kaplan-Meir estimate with Greenwood’s formula for the confidence
bounds (dashed lines).
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Figure 5.4 (continued):
a 5 GHz radio ux available to constrain the distance) there does appear to be a drop in
the maximum polar length of bipolar PNe with increasing |l|. However, that drop may
just be due to the fall in the number of bipolar PNe with increasing |l|. The situation is
different for the equatorial diameters. Apart from one possible outlier, PN G 008.4-03.6
again, there appears to be a drop in the maximum equatorial diameter with |l| for both
bipolar and polar PNe. But, once again, those drops may also be a function of the fall
in the overall number of PNe in each interval with increasing |l|. No pattern of variation
with longitude can be seen for the non-polar PNe. There are too few PNe of each class
within each 1◦ interval to come to any judgement on a pattern for the means for any of the
classes. The maximum areas (as represented by the longest diameter times the shortest
diameter for each PN) for each class provides no surprises when considered against the
diameter graphs.
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Figure 5.5: The percentage of PNe within 1◦ intervals of absolute values of latitude, longitude
and projected radial distance from the Galactic Centre.
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Figure 5.5 (continued):
Size and radial distance from the Galactic Centre
The relationships between PN size and r can be seen from Figure 5.8. There is no ap-
parent correlation between either PN diameter and projected radial distance, r, from the
GC. Once again, the largest PNe appear to follow the pattern of the proportion of PNe of
each morphological class within each 1◦ interval.
Size and morphology
Fig. 5.3 shows that the diameters at the ten per cent intensity level of the non-polar PNe
tend to be concentrated at lower values than those of the polar PNe with the percentage
falling faster with increasing diameter. That relationship suggests that there could be an
evolutionary sequence from elliptical to polar PNe structure, i.e. the ionized gas in the
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Figure 5.6: The variation of PNe size with absolute values of latitude together with the variation
in PN area (taken as maximum length times maximum width). The measurements were at the 10
percent intensity level.
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Figure 5.6 (continued):
shell becomes optically thinner as it expands exposing the central low density region.
5.7 Morphology and radial velocity
5.7.1 Method
The radial velocity of an object is its velocity along the line of sight. Information on
the radial velocities of 129 of the PNe in the sample was obtained from Durand et al.
(1998); Malaroda et al. (2006); Beaulieu et al. (1999); Acker et al. (1992a) in order to
determine whether there was any relationship between radial velocity and morphology,
size or location. The values that were available are shown in Table D.1.
Histograms of the radial velocity and its magnitude (the radial speed), a boxplot and
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Figure 5.7: The number of PNe within 1◦ intervals of absolute values of longitude together with
the variation in PN area (taken as maximum length times maximum width) and diameters at the
10 percent intensity level.
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Figure 5.7 (continued):
a KruskalWallis test were used to investigate the relationship between radial velocity
and morphology. Plots of the radial velocities for each class of PN against l, b, and
r =
√
l2 + b2 were used for a preliminary investigation of any relationship with location.
We then used linear regressions in order to check for any linear relationships with each of
l, b and a linear combination of them both. Plots of the radial velocity against size were
used to investigate any relationship with PN size. The results are given in section 5.7.2.
5.7.2 Results
A boxplot of the radial velocities of the PNe is presented as Fig. 5.9. A KruskalWallis
test produced a pvalue of 0.7979 so we cannot reject the null hypothesis, H0, that the
radial velocities from all three classes are from the same population i.e. there appears
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Figure 5.8: The number of PNe within 1◦ intervals of radial distance from the Galactic Centre
together with the variation in PN area (taken as maximum length times maximum width) and
diameters at the 10 percent intensity level.
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Figure 5.8 (continued):
to be no relationship between morphology and radial velocity. Histograms of the radial
velocity and radial speed for those PNe for which values were available are presented in
Fig. 5.10. It can be seen that the percentage of PNe in a given range of speed generally
drops as the speed increases. We would expect such a fall from simple geometric consid-
eration of radial velocity around a circular orbit. The low percentage of non-polar PNe
with radial velocities lying between -25 and -100 km s−1 may well be a small sample size
effect.
Plots of radial velocity against l, b, and r are shown as Fig. 5.11. They do not show
any separation of morphologies but there appears to be a drop in radial velocity with
increasing values of |b|.
The linear regressions we used in order to check for any linear relationships between
the PNe radial velocities and each of l, b and a linear combination of them both proved
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Figure 5.9: A boxplot of the PNe radial velocities
generally negative. High pvalues for the parameters in a regression analysis suggests
that the data points are randomly distributed. Even after removing outliers the pvalues
for the gradient in the analyses for the polar and non-polar PNe were in excess of 0.02.
We managed to obtain pvalues of below 0.001 for the linear relationship between radial
velocity and l but only after removing PN G 002.6+02.1, 004.3+01.8, and 002.6+02.1
from the analysis on the basis that they were outliers. A physical basis for that removal
is required in order to justify any model and we currently do not have one. Moreover, the
R2 value of 0.288 tells us that even if the model could be justied it has little explanatory
power. A similar situation arises when all the morphologies are considered as one group.
In this case it was PN G 356.8+03.3 and 357.5+03.2 that were removed as outliers, which
emphasizes the need for a physical justication for removing a PN from the analysis. The
pvalue for the constant term was 0.0050 and that for the gradient, 0.0007, but R2 was
0.089 so there is hardly any explanatory power at all.
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Figure 5.10: Histograms of the radial velocities and, in order to bring out the decline in frequency
with increasing magnitude, the radial speeds for those retained PNe for which they were available
(Durand et al. 1998; Malaroda et al. 2006; Beaulieu et al. 1999; Acker et al. 1992a). Note that the
bin sizes differ between the two plots.
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Figure 5.11: The relationship between the radial velocity of those PNe for which they were
available and the PN location (Durand et al. 1998; Malaroda et al. 2006; Beaulieu et al. 1999;
Acker et al. 1992a). The light blue lines are the 2σ uncertainties of the heliocentric velocities of
Bulge M red giant stars obtained from Table 4 of Howard et al. (2008).
The relationship between radial velocity and PN size is shown in Fig. 5.12.
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Figure 5.12: The radial velocity of the PNe related to their size. The plots on the left show the
full sample for which radial velocities could be found. The plots on the right have had the largest
PNe excluded in order to show the relationship for the smaller PNe more clearly.
5.8 Morphology and expansion velocity
5.8.1 Method
A PN consists of outows of material from a star, see § 1.2.2. The velocity of those
outows changes over time, i.e. with the age of the PN and can vary with direction,
i.e. shapes the PN. Consequently, we also looked for a relationship between morphology
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Figure 5.12 (continued):
and expansion velocity. The expansion velocity data was obtained from Gesicki et al.
(2006) and Gesicki, K (private communication). Their values were derived from spectra
measured along the major or equatorial axis of the PN. The 54 values available for PNe
in our sample are shown in Table D.2.
A histogram and boxplot of the expansion velocities of those 54 PNe and a Kruskal
Wallis test were used to check whether the expansion velocities of the PNe in the differ-
ent morphological classes were from different populations. Plots of expansion velocity
against l, b, r =
√
l2 + b2, and PN size were used for a preliminary investigation of any
relationship with between expansion velocity and those variables. We then used linear
regressions in order to check for any linear relationships between the PNe expansion
velocities and each of l, b, a linear combination of l and b, and the dimensions of the
PNe.
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Figure 5.13: A boxplot of the PNe expansion velocities.
5.8.2 Results
The expansion velocities are compared in Fig. 5.13. A KruskalWallis test produced a p
value of 0.0281 so we cannot reject the null hypothesis, H0, that the expansion velocities
from all three classes are from the same population i.e. there appears to be no relationship
between morphology and expansion velocity. While both the boxplot and the histogram
of the expansion velocities, shown as Fig. 5.14, suggest that the expansion velocities of
the bipolar PNe are slightly lower than those of the others that may be just a small sample
effect.
Figs. 5.15 and Fig. 5.16 show the relationships between expansion velocity and loca-
tion, and expansion velocity and PN dimension respectively.
Our regression analyses found no linear relationship between a PN’s expansion ve-
locity and its location within the Bulge. All the pvalues for the gradients were in excess
of 0.05.
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Figure 5.14: A histogram of the expansion velocities for those retained PNe for which they were
available.
We also tested for a linear relationship between a PN’s expansion velocity and its
dimensions along its polar/major axis, its equatorial/minor axis and the product of the
two. We used the dimensions at the 10 percent intensity contour and for bipolar PNe
we also used the dimensions of the lobes. We found no relationship for the polar and
non-polar PNe, with all the gradient pvalues being above 0.1. Combining all three
morphological types enabled a pvalue of 0.003 to be obtained for the gradient, but with
R2 = 0.13 the PN size explained very little of its expansion velocity. Moreover we had to
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Figure 5.15: The relationship between the expansion velocity of the PNe and their location.
remove three PNe as outliers.
By removing 4 outliers relating to 3 PNe, PN G 002.7-04.8, 006.3+04.4 and 007.5+04.3
we obtained a pvalue of 0.0001 for the gradient in the linear model of the combined mor-
phologies against the equatorial/minor axis dimension. However, yet again, we require
a physical justication for their removal and, once again, the R2 value of 0.21 provides
little explanatory power.
The linear relationship between expansion velocity and the size of the bipolar lobes
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Figure 5.16: The expansion velocity of the PNe related to their size. The plots on the left show
the full sample for which expansion velocities could be found. The plots on the right have had the
largest PNe excluded in order to show the relationship for the smaller PNe more clearly.
produced pvalues in excess of 0.01 against their polar dimension and the product of
their polar and equatorial dimensions. Its relationship against the equatorial dimension
produced a pvalue of 0.007 for the gradient and 0.0004 for the intercept but only after
removing three outliers, PN G 002.7-04.8, 351.9+09.0 and 357.1-04.7. With R2 = 0.50
there is some explanatory power available but only if the removal of the outliers can be
justied.
BRYAN REES 139
5: MORPHOLOGIES
0 50 100 150 200 250
10
15
20
25
30
35
40
45
50
long times short diameter / arcsec2
Ex
pa
ns
io
n 
Ve
lo
ci
ty
 / 
km
 s−
1
 
 
Bipolar Lobes
Bipolar Shell
Polar
Non Polar
0 5 10 15 20 25 30
10
15
20
25
30
35
40
45
50
long times short diameter / arcsec2
Ex
pa
ns
io
n 
Ve
lo
ci
ty
 / 
km
 s−
1
Figure 5.16 (continued):
The dimensions of the central high intensity regions of the bipolar PNe also appear
to have a relationship with the expansion velocity but, once again, only if the removal of
outliers can be justied. The pvalues for the gradient of the relationship between PN
expansion velocity and the dimension of the polar/major axis and also the product of that
dimension with that of the equatorial/minor axis were 0.005 and 0.001 respectively with
corresponding R2 values of 0.5 and 0.6. However the relationship between expansion
velocity and the dimension of the equatorial/minor axis is most promising. There are p
values for the gradient and intercept of 0.0005 and less than 0.0001 respectively, and an
R2 value of 0.68. However, three outliers, PN G 002.7-04.8, 351.9+09.0 and 357.1-04.7
(as for the bipolar lobes) had to be removed to bring the pvalue for the gradient below
0.2. The relationship is of the form
v = 10.86 + 3.42 x (5.1)
where v is the expansion velocity in km s−1 and x is the equatorial/minor axis dimension
in arcseconds. The 95 percent condence intervals on the constant and gradient are (7.81,
13.90) km s−1 and (1.87, 4.97) km s−1 arcsec−1 respectively. However, unless justication
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can be found for removing the outliers that relationship is unreliable.
5.9 Morphology and binarity
5.9.1 Analysis
While our data do not enable us to determine whether the CSPN of our sample PNe are
binary, information on binarity relevant to some members of our sample was available
from Miszalski et al. (2009c,a,b); de Marco (2009) and Miszalski et al. (2011). Forty
nine of our PNe are also listed in table A.1 of Miszalski et al. (2009a) which attempts to
identify and classify the CSPN of 288 PNe towards the Galactic Bulge. However, only
two of the 49, PN G 000.2-01.9 and 357.6-03.3, are listed as having binary CSPN and
one, PN G 357.9-05.1, as having a suspected binary CSPN. The two binary PNe are also
discussed in de Marco (2009) and Miszalski et al. (2009c). Note that de Marco (2009)
does not take the view that PN G 357.9-05.1 has a binary CSPN. We have classied
the three binary or suspected binary PNe as bipolar but there are another 9 bipolar PNe
from our sample for which Miszalski et al. (2009a) have identied the CSPN or potential
candidate CSPN but have not been able to claim binarity. We have shown the information
from table A.1 of Miszalski et al. (2009a) for the PNe in our sample in our table E.1 but
have left entries that they classied as ’NONE’, ’NULL’ or ’NEB’ blank.
We have no way of telling if PN G 000.2-01.9, 357.6-03.3 or 357.9-05.1 stand out in
other ways as a group. PN G 357.9-05.1 is rather large (26.7±0.7 by 16.0±0.7 arcsec for
the maximum lobe dimensions and 11.9±0.7 by 13.7±0.7 arcsec for the dimensions of the
shell) but the other two are smaller and some other PNe are larger. Their radial velocities
are −60 ± 10, 110 ± 20 and 11 ± 10 km s−1 respectively and we have no information
on their expansion velocities. Hβ and [O] uxes are only available for the rst two
PNe and appear unremarkable (Table 4.1). We have no abundances from Chiappini et al.
(2009) for PN G 357.9-05.1 and only that for nitrogen for PN G 357.6-03.3 so can not
even speculate as to any relationship between binarity and abundances.
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Having compared the contour plots in Figures C.1 and C.2 of the three PNe listed
above with those of the other PNe in the sample, it would appear from the shapes of
their high intensity regions that the PNe listed in Table 5.1 should also be investigated
for evidence of CSPN binarity. Note that we have classied three of them as not being
bipolar. Judging from the estimated lobe lengths and equatorial shell widths of the three
binary or suspected binary PNe a lobe length of > 10′′ and an equatorial shell width of
> 5′′ could be used to restrict the number if necessary but those values result from the
inspection of a very small sample of three! It does seem reasonable however that those
two parameters would take larger values in a binary system.
Table 5.1: PNe that should be investigated for evidence of CSPN binarity. Those marked with
an asterisk are those we consider to be the most likely candidates. An entry of OB for CSPN vis-
ibility indicates that a likely CSPN can be seen in the off-band image but not in the in-band image.
PNG Class CSPN PNG Class CSPN
visible visible
000.4 – 01.9 Bc OB 351.9 – 01.9 Bc No
000.7+03.2 * Bm No 354.5+03.3 Bc No
003.6+03.1 Bc Yes 356.8+03.3 Bc No
004.1 – 03.8 En1.1 No 359.0 – 04.1 Ep1 No
005.5+06.1 * Bc OB 359.1 – 02.9 * Bc No
006.4+02.0 M5c Yes 359.3 – 01.8 Bc OB
007.0+06.3 Ep1 Yes 359.8+05.2 * Br OB
008.2+06.8 Bc Yes 359.8+05.6 Bc OB
008.4 – 03.6 * Bm Yes 359.8+06.9 * Bm No
5.10 Discussion and conclusions
5.10.1 Morphology, size and location
Forty four of the nebulae from the sample of 138 PNe are bipolar. Forty two of those
bipolar PNe are bilobed and two are multi-lobed. Of the remaining 94 elliptical or round
PNe, 63 show evidence of outows and are classied as polar and 31 are classied as
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non-polar. The value of 30 per cent we obtained for the proportion of bipolar PNe in
the Bulge is higher than we anticipated. Using our classication we classied only 25
percent of the 243 PNe non-Bulge PNe in Manchado et al. (1996) as bipolar. Moreover,
Manchado et al. only classify 19 percent of those 243 nebulae as bipolar. It has been
argued that bipolar PNe are formed from more massive progenitors than are those from
the other classes (Sabbadin 1986; Manchado 2003). However, the stellar population in
the Bulge consists of mainly old stars which implies that most of the PNe we see are
formed around low mass progenitors, see §3.1. We have found there to be a higher
proportion of bipolar PNe in the Bulge than in the catalogue of northern Galactic nebula
yet one might expect a higher proportion of high mass stars outside the Bulge. It seems
unlikely that the argument that bipolar PNe are formed from high mass progenitors holds
in the Galactic Bulge.
As stated in section 5.5.3 there is no evidence for a scale height within the Bulge and
no difference between the classes of PNe nor their sizes with respect to either latitude or
longitude and hence, projected radial distance. While there are hints within the data of
the possibility of a variation in the maximum size of the PNe with longitude, latitude and
projected radial distance, the sample size when split into intervals of those parameters is
too small to draw any conclusion to that effect. Analysis of the sizes and classes of at
least 200 more Bulge PNe (preferably 300) is required to investigate the variation of PN
size with location in the Bulge, particularly PNe situated at |l| > 4◦ and PNe situated at
|b| > 6◦.
There appears to be a progressive increase in nebular size from non-polar through
polar to bipolar nebulae.
No 5 GHz radio ux could be found in Si·odmiak and Tylenda (2001); Acker et al.
(1992b) for seven of the sample PNe and the different values given in the two catalogues
of radio ux for PN G 005.8-06.1 permitted either exclusion or inclusion; we chose to
include it. In order to ensure eligibility for inclusion the 5 GHz radio uxes for all the
PNe used in any extension of the work need to be available and where necessary further
observations should be undertaken to provide that information. Higher resolution images
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would also be useful in order to improve the classication and would inevitably reduce
the proportion of PNe that we have classied as round.
5.10.2 Radial velocity
As expected, we nd no evidence for any relationship between a PN’s radial velocity
and any of its morphology, size or location. The data suggests that there might be a
linear relationship between a PN’s radial velocity and its Galactic longitude but further
investigation is required to determine what if any relationship exists between them.
5.10.3 Expansion velocity
We nd no evidence for any relationship between a PN’s expansion velocity and either
of its morphology or location. There is some evidence for relationships between a PN’s
expansion velocity and its dimensions but further work is required and additional data
would be advantageous.
5.10.4 Binarity
Forty nine of our sample are also listed in Table A.1 of Miszalski et al. (2009a) but only
two of them are listed as having binary CSPN and one as having a suspected binary
CSPN. We have classied those three PNe as either bipolar or remnant bipolar but there
are another 9 bipolar PNe from our sample for which they have identied the CSPN or
potential candidate CSPN but not been able to claim binarity. So, while it may be true as
suggested by Miszalski et al. (2009c) that common envelope binarity is likely to lead to
bipolarity, it appears that bipolarity does not imply common-envelope evolution.
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6Abundances and metallicity
6.1 Introduction
Our data is not spectroscopic so did not provide us with information on abundances. In an
attempt to nd any relationship between morphology and abundances or metallicity we
searched for information both in the literature and by means of the VizieR catalogue ser-
vice (Ochsenbein et al. 2000). We considered the data from Ratag et al. (1997) but even-
tually decided to use the information from Chiappini et al. (2009); G·orny et al. (2009)
and the associated catalogue in VizieR (Ochsenbein et al. 2000). The abundances for a
large number of the PNe in our sample were contained in that data set and using what was
in effect a single source of abundance data implied consistency throughout the sample.
Those abundances, which are relative to that of hydrogen, are shown in Table F.1.
Other information on the metallicities and abundances of some of the PNe can be
found in Perinotto et al. (2004); G·orny et al. (2009, 2004); Escudero and Costa (2001);
Girard et al. (2007) and the associated catalogues on the VizieR Astronomical Server.
We removed the abundance values for PN G 355.9+03.6 from the analysis as the
electron density, Ne[Si], of 105cm−3 in Chiappini et al. (2009); Gorny et al. (2010) is
an order of magnitude above that for other members of the sample, see Fig. F.1. The
electron temperatures and densities for the remaining PNe in our sample for which they
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provide values with uncertainties below 0.3 dex are plotted as boxplots and histograms
in Fig. F.1.
6.2 Analysis
6.2.1 Metallicity
The abundances of S and Ar should be no different in PNe than in the region of the ISM
where the CSPN was formed (Exter et al. 2004; Magrini 2006; BernardSalas 2006).
Consequently, we used abundance values normalized using the S/H and Ar/H abundances
for the PN to compare the PNe. We derived an equivalent argon value (EqAr/H) for each
PN that effectively species the metallicity of the progenitor star. It was obtained by:
1. reducing the sample to those PNe for which both the Ar and S abundances were
catalogued;
2. performing a linear regression of S/H against Ar/H on that sample;
3. using the resulting gradient and constant to derive an estimated value of the Ar
abundance for each of those PN; and
4. taking the mean of that estimated Ar value and the catalogued Ar abundance as the
PN’s EqAr/H value.
This method has the advantage of incorporating both the S and Ar values while reducing
the inuence of the sulphur abundance anomaly described in Henry et al. (2004).
All three morphologies were combined for the regression analysis, i.e. it was assumed
that all three classes were formed around stars in regions of the ISM with similar abun-
dances. A Kruskal-Wallis test was used on the S/Ar ratio and a pvalue of 0.1325 was
obtained indicating that all three samples were from the same population. This conrmed
that combining the different morphologies in the regression was reasonable. Boxplots of
the ratio values are shown in Fig. 6.1.
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Figure 6.1: A boxplot of the sulphur to argon abundance ratio for those PNe retained in the
sample.
The following outliers were removed from the regression, PN G 006.4+02.0, 007.0-
06.8, 352.6+03.0, 353.7+06.3, 359.0-04.1, 359.1-02.9 and 359.9-04.5. The regression
plot with and without outliers is shown as Fig. 6.2 and the parameters and statistics
obtained are presented in Table 6.1. Based on the results from Karakas and Lattanzio
(2007) (which they make available on-line) we would expect that if PN G 006.4+02.0,
359.0-04.1 and 359.1-02.9 have metallicities no greater than solar then their progenitors
had masses > 6.5M¯. We can nd no physical rationale for the other four PNe being
outliers.
Around half of the PNe used for the regression lie on the regression line if one allows
for the uncertainties and the remainder lie in two bands aligned with it, one above it and
the other below it. However, we consider the line to be a sufficiently good t to estimate
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Table 6.1: The regression parameters and test statistics for the regression of S/H against Ar/H
for the overall sample after the removal of three bipolar PNe and four polar PNe that appeared to
be outliers. Thirty nine PNe remain in the sample.
value standard error t-statistic
gradient 2.5 0.19 13.
constant 1.2 × 10−6 5.9 × 10−7 2.0
r, the Pearson product-moment correlation 0.91
the EqAr/H values for the PNe. The good t of the relationship between the S and Ar
abundances also suggested that we need not consider the sulphur abundance anomaly.
A boxplot of the EqAr/H ratio together with a KruskalWallis test and pairwise ap-
plications of the KolmogorovSmirnov test were used to investigate any relationship be-
tween that ratio and PN morphology.
6.2.2 Abundances
Although we have removed the seven PNe listed above from the determination of the
S/Ar ratio we have retained them in the remainder of the analysis. This is because, while
most of the stars in the Bulge are old, there are also young stars there (Minniti and Zoccali
2008) so there is the potential for a PNe to be formed from a high mass progenitor.
Boxplots of the abundances of, He, N, O, Ne, and Cl as ratios of the EqAr abun-
dance are shown in Fig. F.2. KruskalWallis tests and where appropriate, pairwise
KolmogorovSmirnov tests were used to investigate the relationship between abundances
and morphology.
A boxplot of the Ne/O ratio together with a KruskalWallis test, pairwise application
of the KolmogorovSmirnov test and a regression analysis of the relationship between the
Ne/EqAr and O/EqAr ratios were used to investigate any relationship between Ne and O
and any variation in that relationship with PN morphology. Exter et al. (2004) conrmed
a relationship between Ne/H and O/H which had a gradient of one on a log-log plot (i.e. a
linear relationship on a linear scale) so we also checked to see whether there were log-log
relationships between Ne/EqAr and O/EqAr for our three morphological classes and for
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Figure 6.2: Regression plots of the sulphur abundance against the argon abundance for those PNe
for which they were available from Chiappini et al. (2009); Gorny et al. (2010). The PNe where
values for which the uncertainties exceeded 0.3 dex and PN G 355.9+03.6 which had a stated
electron density of 100 000 cm−3 have been excluded. The top plot shows the regression with all
the retained sample present whereas the bottom plot shows the regression after all the PNe where
the standardized residual exceeded 2 were excluded.
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the whole subsample.
Regression analyses were used to investigate the relationships between the abun-
dances of N and He, between the N/O ratio and O/H, and between the N/O ratio and
He/H. Boxplots of the N/O ratio, a KruskalWallis test, and pairwise application of the
KolmogorovSmirnov test were also used to investigate any variation in that relationship
with PN morphology. Note that the element ratios are independent of metallicity.
We used abundance ratios derived from the solar photospheric abundances presented
in Asplund et al. (2009) to investigate the relationship between the abundances for the
PNe in our sample and the solar abundances. Asplund et al. dene their abundances in
the usual way, i.e. logarithmic to base 10 with the logarithm of the hydrogen abundance
dened as 12. The derived linear ratios are presented in Table 6.6. We compared the solar
abundance ratios based on Ar in that table with the ratios against EqAr in Figures 6.1
and F.2 to search for similarities in and differences between the abundances. It should
be remembered that the stellar abundances could be non-solar when the progenitor star
formed and could change further prior to the formation of a PN.
In order to check for a relationship between a PN’s abundances and its location we
plotted the abundance ratios for He, N, O, Ne, and Cl against EqAr for each PN mor-
phology against the PN Galactic coordinates in Fig. F.7. The relationship between the
abundances in a PN and its size was checked by plotting those same ratios against PN
diameter, Fig. F.8.
6.3 Results
6.3.1 Metallicity
The boxplot of the EqAr/H ratio is shown in Fig. 6.3. It appears to show an almost
complete disconnect between the metallicities of the bipolar PNe and the non-polar PNe.
However, the pvalue of 0.0054 from the KruskalWallis test, which considers all three
samples together, tells us that the ratio for all three morphological classes should be con-
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Figure 6.3: A boxplot of the equivalent argon values (EqAr/H) for those PNe retained in the
sample.
sidered to come from the same population if we are working at the 0.001 signicance
level. On the other hand, the pairwise KolmogorovSmirnov tests between the bipolar
and non-polar samples is 8.4 × 10−5 which suggests that the bipolar and non-polar mor-
phologies have ratios that come from different populations. The bipolar and non-polar
sample sizes are 15 and 11 respectively so it could be that we are dealing with a small
sample phenomenon.
6.3.2 Abundances
The electron temperatures and densities for the PNe in our sample (other than PN G
355.9+03.6) for which Chiappini et al. provide values with uncertainties below 0.3 dex
are plotted as boxplots and histograms in Fig. F.1. KruskalWallis test results with p
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Table 6.2: The p–values for the tests to see whether the EqAr ratios of the elements listed differ
between the three morphological classes. The p–values are quoted to four decimal places. Note
that the bipolar sample size was too small to permit the use of the NAG Toolbox for Matlab ©
Kruskal-Wallis test on Cl/EqAr.
element
p–values
sample sizes Kruskal-Wallis Kolmogorov-Smirnovbipolar polar non-polar bipolar vs. polar polar vs. non-polar bipolar vs. non-polar
He 15 20 11 0.0070 0.2028 0.0338 0.0000
N 15 20 11 0.2599 0.5069 0.3860 0.2116
O 15 20 11 0.0040 0.4347 0.0123 0.0000
Ne 13 16 7 0.5120 0.8439 0.6928 0.4319
Cl 5 12 6 0.0068 0.7596 0.0260
values of 0.3207, 0.0428 and 0.1087 for Ne[S], Te[O] and Te[N] respectively, suggest
that there is no difference in these parameters based on morphology. Note that the upper
and lower limits given in Chiappini et al. (2009); Gorny et al. (2010) are based on their
modelling and are not centred on the observed values. We have used the mean of the
upper and lower limit as a centre value in order to propagate those uncertainties in our
calculations.
Boxplots of the abundances of, He, N, O, Ne, and Cl as ratios of the EqAr abundance
are shown in Fig. F.2. The pvalues from the KruskalWallis test suggest that for He, N,
O and Ne, all three morphological classes have ratios that come from the same population
and no result could be given for Cl due to the small bipolar sample size. However,
the pairwise KolmogorovSmirnov tests suggest that in the cases of both He and O the
bipolar and non-polar morphologies have ratios that come from different populations, see
Table 6.2. This could be the result of them coming from opposite ends of the distribution
with the polar ratios acting as a bridge. The small bipolar and non-polar sample sizes
make us reluctant to draw any conclusions for Cl. Histograms of the abundance ratios
are shown in Fig. F.3.
Magrini (2006) and BernardSalas (2006) tell us that the quantities of He and N are
both modied during a star’s life on the AGB (see §1.2.7. In almost all cases we found
the PN abundance of He to be above solar thus conrming that observation. We found
that all three of our morphological classes had He abundances that should be considered
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as coming from the same population but that there was evidence of an increase in abun-
dances with class, with bipolar PNe tending to have the least abundance and non-polar
PNe the highest. The solar photospheric N/Ar abundance ratio of 30 ± 10 lies at the
bottom end of the N/EqAr ratio range of the PNe in our sample and the nebular N/EqAr
ratio rises to about 5 times that value. See Fig. F.2 and Table 6.6.
Exter et al. (2004) found that in Galactic Bulge PNe the quantity of Ne appeared
related to that of both O and H. A boxplot of the Ne/O ratio and a graph of the relation-
ship between the Ne/EqAr and O/EqAr ratios for our sample are shown as Fig. 6.4. A
KruskalWallis test on the Ne/O ratio produced a pvalue of 0.109 so we cannot reject
the null hypothesis, H0, that the Ne/O ratios for all three classes are from the same pop-
ulation. Pairwise application of the KolmogorovSmirnov test gives pvalues of 0.0497,
0.8266 and 0.0556 for the comparison of the ratios of the bipolar and polar PNe, the po-
lar and non-polar PNe and the bipolar and non-polar PNe respectively, indicating that we
cannot reject H0: that the Ne/O ratios for any pairing of the different classes are from the
same population.
The graph of Ne/EqAr against O/EqAr in Fig. 6.4 shows some additional informa-
tion. First, the somewhat higher Ne/O ratio for the bipolar PNe masks a lower Ne/EqAr
ratio for those PNe than for the other morphologies and an even lower O/EqAr ratio
when compared to the non-polar PNe. Secondly, the increase in the Ne/EqAr ratio with
an increasing O/EqAr ratio appears steeper for bipolar PNe than for the other two mor-
phologies.
The results of linear regressions performed using function g02ca of the NAG statistics
toolbox for Matlab © are summarized in Table 6.3. The elliptical column refers to the
aggregated polar and non-polar samples. The regression results suggest that the increase
in neon with the level of oxygen in bipolar PNe is approximately 2.5 times that for the
polar and non-polar PNe. The standard errors of the gradients are quite large however
and above the two standard error level the difference in gradients disappears. Note also
that the t-statistic for the constant term indicates that the values for the constant terms are
not reliable.
BRYAN REES 153
6: ABUNDANCES AND METALLICITY
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
Bipolar Polar Non−polar
Ne/O
0 100 200 300 400 500 600 700 800
0
20
40
60
80
100
120
140
160
O/EqAr
N
e/
Eq
Ar
 
 
Bipolar
Polar
Non Polar
Figure 6.4: A boxplot of the neon to oxygen abundance ratio for those PNe retained in the sample
together with a plot of the Ne/EqAr ratios over the O/EqAr ratios.
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Table 6.3: The regression parameters and test statistics for the regression of the abundance ratios
of Ne/EqAr against O/EqAr for the three morphological classes and for the combined polar and
non-polar samples, denoted as elliptical.
morphology
bipolar polar non-polar elliptical
sample size 13. 16. 7. 23.
r 0.80 0.83 0.91 0.85
gradient 0.39 0.16 0.16 0.15
se(gradient) 0.087 0.029 0.033 0.020
t(gradient) 4.5 5.6 4.8 7.5
constant -14. 14. 8.8 14.
se(constant) 12. 6.4 10. 5.0
t(constant) -1.1 2.2 0.86 2.8
We also checked to see whether there were log-log relationships between Ne/EqAr
and O/EqAr for our three morphological classes and for the whole subsample. The plots
are shown in Fig. F.6 and some regression statistics presented in Table 6.4. We found that
all the regressions appeared to be moderately strong. The gradient of the tted line for
the overall sample (both prior and after removing the bipolar outlier PNG 000.401.9),
the polar and elliptical (the combined polar and non-polar) samples was signicant at the
0.001 signicance level. However the slopes for the bipolar subsample and non-polar
subsample were only signicant at the 0.0025 and 0.01 levels respectively. We found
that the constant term was unreliable for all the samples. The slope for the overall sample
(0.7± 0.1) and all the subsamples other than the bipolar sample (1.1) was lower than that
found by Exter et al. (2004) for Ne/H and O/H. We relate our abundances to the stellar
metallicity however, whereas Exter et al. relate theirs to the H abundances.
A plot of the relationships between the abundances of N and He in our sample is
shown in Fig. 6.5. Only the non-polar PNe appear to show a simple relationship but for
completeness simple linear regressions were performed in the same way as for Ne and
O. One outlier, the non-polar PN G 352.0-04.6 was removed and the statistics obtained
are presented in Table 6.5.
The bipolar PNe show little relationship between the two variables and have smaller
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Table 6.4: The regression parameters and test statistics for the regression of log (Ne/EqAr)
against log (O/EqAr) for the whole sample, the three morphological classes and for the combined
polar and non-polar samples, denoted as elliptical.
full excluding the bipolar PNG 000.4 – 01.9
sample all bipolar polar non-polar elliptical
sample size 36. 35. 12. 16. 7. 23.
r 0.71 0.75 0.75 0.79 0.84 0.80
gradient 0.76 0.66 1.1 0.74 0.63 0.67
se(gradient) 0.13 0.10 0.031 0.16 0.18 0.11
t(gradient) 5.9 6.5 3.6 4.7 3.4 6.1
constant -0.081 0.14 -0.81 -0.033 0.18 0.099
se(constant) 0.29 0.23 0.67 0.35 0.45 0.25
t(constant) -0.30 0.62 -1.2 -0.093 0.41 0.39
Table 6.5: The regression parameters and test statistics for the regression of N/EqAr against
He/EqAr for the three morphological classes and for the combined polar and non-polar samples
(denoted as elliptical). See also the bottom plot in Figure 6.4.
morphology
bipolar polar non-polar elliptical
sample size 13. 20. 10. 30.
r 0.15 -0.093 0.77 0.031
gradient 3.6 × 10−4 -3.9 × 10−5 4.2 × 10−4 1.4 × 10−5
se(gradient) 6.3 × 10−4 9.9 × 10−5 1.2 × 10−4 8.7 × 10−5
t(gradient) 0.56 -0.40 3.4 0.16
constant 74. 81. 6.6 69.
se(constant) 28. 11. 16. 10.0
t(constant) 2.6 7.6 0.41 6.9
He/EqAr ratios than do most of the non-polar and some of the polar, PNe. Apart from
PN G 352.0-04.6 in the top left of the plot and two PNe below their general trend the
non-polar PNe appear to have an N/EqAr ratio that increases with the He/EqAr ratio.
However, the non-polar sample is small and a larger sample size would benet the analy-
sis. The polar PNe appear to have a relationship that is a cross between the other two. A
few polar PNe show a similar trend to that of the non-polar PNe but some appear to have
a similar relationship to that of the bipolar PNe and two lie below the non-polar trend
line. Blindly removing outliers in accordance with the standardized residuals provides
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Figure 6.5: A plot of the N/EqAr ratio against the He/EqAr ratio for each of our morphological
classes.
little improvement and there is the risk of bias with any other method in the absence of
additional information. Only the non-polar PNe appear to have the proportionality be-
tween the N and He abundances suggested by Pottasch and Bernard-Salas (2006), see
§1.2.7. However, once again we emphasise that we use abundances scaled to metallicity
and not to the abundance of H.
In our sample we found that the N/O ratio differed between morphological class, see
Fig. 6.6. A KruskalWallis test produced a pvalue of 0.0006 so we can reject the null
hypothesis, H0, that the N/O ratios for all three classes are from the same population.
Pairwise application of the KolmogorovSmirnov test gives a pvalue of 0.0892 for the
comparison of the ratios of the Bipolar and Polar PNe indicating that we cannot reject H0:
that the N/O ratios for the bipolar and polar classes are from the same population; a p
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Figure 6.6: A boxplot of the nitrogen to oxygen abundance ratio for those PNe retained in the
sample. PN G 352.0-04.6 is the only non-polar PN whose N/O ratio is above 0.5.
value of 0.0204 for the comparison of the ratios of the polar and non-polar PNe indicating
that we cannot reject H0: that the N/O ratios for the polar and non-polar classes are from
the same population; but a pvalue of less than 0.0001 for the comparison of the ratios
of the bipolar and non-polar PNe indicating that we should reject H0: that the N/O ratios
for the bipolar and non-polar classes are from the same population. A histogram of the
N/O ratios for the three morphologies is shown as Fig. 6.7.
Fig. F.4 shows plots of the N/O ratio against the abundances ratios of He, N, O, Ne
and Cl against EqAr. Note that while the N/O ratio tends to increase with N/EqAr no
such increase is seen with any of the other elements considered. For those elements there
is a tendency for the bipolar PNe to have a spread in their N/O ratio but with no apparent
dependance on the value of the abscissa; for the non-polar PNe to have little spread in the
N/O ratio (if PN G 352.0-04.6 is excluded) but to vary with the value of the abscissa; and
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Figure 6.7: A histogram of the nitrogen to oxygen abundance ratio for the three morphological
classes.
for the polar PNe to split themselves between those two camps. Note also that in Fig. F.2
it is only for N/EqAr that the ratio drops from bipolar through polar to non-polar PNe.
Exter et al. (2004) found no correlation between N/O and either of O/H or He/H. We
found no correlation between N/O and O/H for our overall sample but found a moderate
correlation for the non-polar PNe if PNG 352.004.6 is removed from the data set, see
Fig. 6.8. By removing the following outliers, the bipolar PNG 356.9+04.4, the polar PNG
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359.604.8 and 359.904.5, and the non-polar PNG 352.004.6, we were also able to
obtain moderate correlations between N/O and He/H for our overall data set, the bipolar
data set and the polar data set. However, we could not nd such a correlation for the non-
polar PNe themselves. The plots and values are shown in Fig. F.5 and it can be seen from
that gure that the uncertainties for almost all the He/H abundances for the non-polar
PNe overlap.
Note that the N/O ratio for the non-polar PNe PN G 352.0-04.6 is greater than 0.5
and both it and the non-polar PN G 358.2+04.2 have N (H) /N (He) ≥ 0.125 (see Ta-
ble F.1), so they are of Type I. Conversely the values of those two ratios for the bipolar
PN G 000.2-01.9 and 358.5-04.2 (and possibly 359.8+06.9) show that they are not of
Type I. This appears to be in conict with the nding of Manchado (2003) that bipolar
PN are Type I PN whereas round and elliptical PN are of Type II.
Table 6.6 gives the photospheric abundances presented in Asplund et al. (2009) in
linear form together with abundance ratios derived from them. A comparison of the solar
abundance ratios based on Ar in that table with the ratios against EqAr in Figures 6.1 and
F.2 shows that:
S/Ar The solar photospheric S/Ar ratio is 5+2−1, which overlaps the upper ends of the
ranges for the PNe in the sample. No PN S/Ar ratio range in our sample entirely
exceeds that for the solar photosphere.
He The solar photospheric He/Ar abundance ratio of 3+2−0 × 104 is low compared to the
He/EqAr ratio for the PNe in the sample. Only the polar PNe PN G 003.9-02.3 and
359.0-04.1 have He/EqAr ratios with a range lying completely below the He/Ar
lower limit for the solar photosphere.
N The solar photospheric N/Ar abundance ratio of 30 ± 10 lies at the bottom end of the
N/EqAr ratio range of the PNe in our sample. Note that only the ‘central’ values
appear in the boxplots and there is an overlap of the ratio ranges with the bipolar
PNe.
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Figure 6.8: Plots of the N/O abundance against the O abundance for those PNe for which they
were available. The top plot shows the whole sample whereas the bottom plot shows the regres-
sion for the non-polar PNe once PNG 352.0–04.6 had been excluded.
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Table 6.6: Linear solar photospheric abundances and ratios derived from the values in Asplund et al. (2009).
numerator
denominator measurement He N O Ne S Cl Ar
H value 8.51 × 10−2 6.76 × 10−5 4.90 × 10−4 8.51 × 10−5 1.32 × 10−5 3.16 × 10−7 2.51 × 10−6
upper 8.71 × 10−2 7.59 × 10−5 5.50 × 10−4 1.07 × 10−4 1.41 × 10−5 6.31 × 10−7 3.39 × 10−6
lower 8.32 × 10−2 6.03 × 10−5 4.37 × 10−4 6.76 × 10−5 1.23 × 10−5 1.58 × 10−7 1.86 × 10−6
He value 7.94 × 10−4 5.75 × 10−3 1.00 × 10−3 1.55 × 10−4 3.72 × 10−6 2.95 × 10−5
upper 8.93 × 10−4 6.47 × 10−3 1.26 × 10−3 1.67 × 10−4 7.42 × 10−6 3.98 × 10−5
lower 7.06 × 10−4 5.12 × 10−3 7.93 × 10−4 1.44 × 10−4 1.86 × 10−6 2.19 × 10−5
N value 1.26 × 103 7.24 1.26 1.95 × 10−1 4.68 × 10−3 3.72 × 10−2
upper 1.42 × 103 8.53 1.63 2.23 × 10−1 9.42 × 10−3 5.12 × 10−2
lower 1.12 × 103 6.16 9.73 × 10−1 1.70 × 10−1 2.32 × 10−3 2.70 × 10−2
O value 1.74 × 102 1.38 × 10−1 1.74 × 10−1 2.69 × 10−2 6.46 × 10−4 5.13 × 10−3
upper 1.95 × 102 1.62 × 10−1 2.25 × 10−1 3.08 × 10−2 1.30 × 10−3 7.07 × 10−3
lower 1.55 × 102 1.17 × 10−1 1.34 × 10−1 2.35 × 10−2 3.21 × 10−4 3.72 × 10−3
Ne value 1.00 × 103 7.94 × 10−1 5.75 1.55 × 10−1 3.72 × 10−3 2.95 × 10−2
upper 1.26 × 103 1.03 7.44 1.97 × 10−1 7.70 × 10−3 4.31 × 10−2
lower 7.93 × 102 6.14 × 10−1 4.45 1.22 × 10−1 1.79 × 10−3 2.02 × 10−2
S value 6.46 × 103 5.13 3.72 × 10 6.46 2.40 × 10−2 1.91 × 10−1
upper 6.94 × 103 5.87 4.25 × 10 8.21 4.80 × 10−2 2.59 × 10−1
lower 6.00 × 103 4.48 3.25 × 10 5.08 1.20 × 10−2 1.40 × 10−1
Cl value 2.69 × 105 2.14 × 102 1.55 × 103 2.69 × 102 4.17 × 10 7.94
upper 5.37 × 105 4.31 × 102 3.12 × 103 5.57 × 102 8.35 × 10 1.69 × 10
lower 1.35 × 105 1.06 × 102 7.69 × 102 1.30 × 102 2.08 × 10 3.74
Ar value 3.39 × 104 2.69 × 10 1.95 × 102 3.39 × 10 5.25 1.26 × 10−1
upper 4.57 × 104 3.71 × 10 2.69 × 102 4.94 × 10 7.14 2.67 × 10−1
lower 2.51 × 104 1.95 × 10 1.41 × 102 2.32 × 10 3.86 5.93 × 10−2
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6.4: DISCUSSION AND CONCLUSIONS
O The solar photospheric O/Ar abundance ratio is 1.9+0.7−0.5 × 102. This range generally
overlaps the O/EqAr ratio range of the PNe in our sample for all three morpholo-
gies. However, the bipolar PN G 356.9+04.4 has an O/EqAr range below the O/Ar
lower limit for the solar photosphere, this is also the case for the polar PN G 000.9-
04.8 and 359.0-04.1 and the non-polar PN G 352.0-04.6.
Ne The solar photospheric Ne/Ar abundance ratio of 30+20−10 generally overlaps the Ne/EqAr
ratio range of the PNe in our sample for all three morphologies. In this case the
bipolar PN G 000.4-01.9 is the only PN in our sample with an Ne/EqAr ratio range
falling below the photospheric range, whereas that of the polar PN G 006.1+08.3
lies entirely above it.
Cl The solar photospheric Cl/Ar abundance ratio is 0.1± 0.1, which generally lies at the
bottom of the Cl/EqAr ranges for the PNe in our sample.
The abundance ratios for He, N, O, Ne, and Cl against EqAr for each PN morphology
are plotted against the PN Galactic coordinates in Fig. F.7. A major problem in the
analysis is the large value of the uncertainties but there appears to be no relationship
between the location of a PN in the Bulge and its elemental abundances.
The large value of the uncertainties is also a problem with the abundance ratio plots
against the PN diameters shown in Fig. F.8. However, these show no relationship between
the abundances in a PN and its size.
6.4 Discussion and conclusions
We should rst note that the bulk of our results are scaled to a weighted average of the
abundances of S and Ar as those values are not thought to be modied from those in the
ISM where the progenitor star was formed. This means that our base value is related to
metallicity not changing due to PN evolution. When discussing any differences from the
solar abundance it should be remembered that Pottasch and Bernard-Salas (2006) found
that the abundance of S in the PNe in their sample was half the solar abundance. Also,
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we are only able to scale the values for solar abundances to Ar. Consequently there is a
systematic bias on any comparison with solar values.
6.4.1 Metallicity
The relationship between morphology and metallicity remains problematic. The Kruskal-
Wallis test pvalue of 0.0054 tells us at the 0.001 signicance level that the three sam-
ples have metallicities that come from the same population. However, at the 0.01 sig-
nicance level we can take the view that this is not so. Moreover, taken in isolation,
the KolmogorovSmirnov test between the bipolar and non-polar samples produces a p
value of less than 0.0001 which indicates that we should not accept that their metallicities
come from the same population. However, the sample sizes of 15 and 11 are small. On
balance we do not accept that the metallicities are different and we conclude that bipolar
and non-polar PNe in the Galactic Bulge are not formed from different stellar popula-
tions. In order to enable us to accept a conclusion to the contrary we consider that we
need data on the Ar and S abundances for more PNe and that we need to compare data
that has been obtained by several groups of authors.
Comparing the N (N) /N (H) ratios in Table F.1 with those available from the authors
of Karakas and Lattanzio (2007) we nd that the non-polar PNe with N (N) /N (H) <
10−4 for all but PN G 007.8-04.4 are formed from less than solar metallicity progenitors.
Both bipolar and polar PNe have ratios in the range
(
10−5, 10−4
)
(apart from possibly
PN G 359.9-04.5 where the upper uncertainty for the ratio takes it to 1.1 × 10−3) which
means that they might have solar metallicity progenitors. Those PNe with less than solar
metallicity must have progenitors with M? < 5M¯ and the remainder with M? < 6M¯
(see Karakas and Lattanzio 2007, gures 6 and 8). Some caution is required in that
Karakas and Lattanzio use initial C,N and O abundances appropriate to the Magellanic
Clouds for their Z = 0.008 and Z = 0.004 models (Karakas and Lattanzio 2007).
A relationship between morphology and metallicity would imply that a PN’s mor-
phology is determined by the environment in the location where its progenitor star was
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formed. We are unable to conclude that this is the case.
6.4.2 Abundances
He Magrini (2006); Exter et al. (2004) tell us that the abundance of He is modied in
an AGB star. In almost all cases we found the PN abundance to be above solar
thus conrming that observation. We found that all three of our morphological
classes had He abundances that should be considered as coming from the same
population but that there was evidence of an increase in abundances with class, with
bipolar PNe tending to have the least abundance and non-polar PNe the highest, see
Fig. F.2. This could be indicative of greater levels of He burning in the CSPN of
bipolar PNe and so of a progression in progenitor mass.
N Magrini (2006); Exter et al. (2004) also tell us that the abundance of N is modied in
an AGB star. Further, Pottasch and Bernard-Salas (2006) found that for 22 of the 26
PNe in their sample the N abundance was proportional to that of He and increased
from around solar to about 10 times solar abundance. The solar photospheric N/Ar
abundance ratio of 30 ± 10 lies at the bottom end of the N/EqAr ratio range of
the PNe in our sample and the nebular N/EqAr ratio only rises to about 5 times
that value. The difference may lie in the base that is used, we use an indicator
of metallicity whereas they use the accepted value for H as their denominator.
Only the non-polar PNe in our sample appear to have the proportionality between
the N and He abundances suggested by Pottasch and Bernard-Salas (2006), see
Fig. 6.5. However, even after the removal of outliers, the linear relationship is not
very strong, the value of the t statistic for the coefficient is only signicant at the
0.005 level and that for the constant term is very poor, see Table 6.5. On balance
there appears to be a relationship between the abundances of N and He in the non-
polar PNe but other factors must also be taken into account, i.e. the abundance of
N cannot be predicted just from the abundance of He.
O The solar photospheric O/Ar abundance ratio is 1.9+0.7−0.5 × 102. This range generally
BRYAN REES 165
6: ABUNDANCES AND METALLICITY
overlaps the O/EqAr ratio range of the PNe in our sample for all three morpholo-
gies. Pottasch and Bernard-Salas (2006) found that the abundances of O at 8 kpc
matched the solar abundances but we nd that the non-polar PNe in our sample
generally had higher than solar O abundances. Our nding that the non-polar PNe,
which also have the higher He abundances, have generally higher O abundances
than the other two classes appears to either be in conict with the view expressed
by Exter et al. (2004) that the O abundance is down to that in the ISM at stel-
lar birth or to suggest that stars that produce non-polar PNe are born in different
regions from those that produce bipolar or polar morphologies.
N/O The N/O abundance ratios for our bipolar and non-polar classes either come from
different populations or from opposite ends of the same population (see Fig. 6.6).
This suggests either greater levels of O burning in the bipolar PNe or less N pro-
duction in the non-polar PNe. Exter et al. (2004) points out that the N/O ratio is
sensitive to mass so our result may reect the mass of the progenitors.
Exter et al. (2004) found no correlation between N/O and either of O/H or He/H.
Although we found no correlation between N/O and O/H for our overall sample
we did nd a moderate negative correlation for the non-polar PNe if PNG 352.0
04.6 is removed from the data set, see 6.8. We were also able to obtain moderate
correlations between N/O and He/H for our overall data set, the bipolar data set
and the polar data set after removing four outliers but found no correlation for the
non-polar data set.
Ne The pvalues from the KruskalWallis test suggest that all three morphological classes
have Ne/EqAr ratios that come from the same population. While it appears that
there is little enhancement of Ne on the AGB above the solar photospheric abun-
dance this may be a bias due to the base of EqAr for the PNe abundances and Ar
for the solar photospheric abundance.
Ne/O We could nd no statistically signicant difference between the Ne/O ratios of our
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morphological classes. In Galactic Bulge PNe Exter et al. (2004) found that Ne/O
appeared correlated to O/H but concluded that the latter was due to a spurious rela-
tionship in the ionization correction factor (ICF); the ICF allows for that proportion
of the element that is in the unobserved ionization states (Torres-Peimbert and Pe-
imbert 1979). We found a correlation between Ne/O and O/EqAr but we have no
way of judging whether a similar problem exists in this data set. Exter et al. (2004)
did conrm a relationship between Ne/H and O/H with a gradient of one on a log-
log plot. We found that Ne/EqAr appears to increase with O/EqAr. The gradient
is not equal to 1 but we are relating the abundances to the metallicity not to the
abundance of H. There is the possibility that the ratio increases more rapidly with
O abundance (or possibly S or Ar abundance or any combination thereof) for bipo-
lar PNe. A larger sample is required to determine whether this is the case however
as the KruskalWallis and KolmogorovSmirnov test indicate that there is no dif-
ference in the ratio between our morphological classes a different growth factor is
unlikely.
Cl The small bipolar and non-polar sample sizes of 5 and 6 respectively, make us reluc-
tant to draw any conclusions on the differences in morphology and the Cl abun-
dance. As the solar photospheric Cl/Ar abundance ratio is 0.1 ± 0.1, Fig. F.2 does
suggest that the Cl abundance is enhanced after the main sequence.
Not all bipolar PNe are of Type I. Moreover some non-polar PNe are of Type I as are
many of those that we classied as polar.
A relationship between morphology and abundances suggests a relationship between
morphology and stellar mass and evolution. Although we found progressive changes in
some abundances with changes in morphology the morphological classes do not have
distinct differences in abundances. We are thus unable to conclude that PN morphology
is determined by stellar mass or evolution.
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7The Orientations of the Bulge PNe
7.1 Introduction
Weidmann and D·az (2008) have reported that the angles from Galactic North to Galactic
East (the Galactic position angle or GPA) of the long axis of PNe in the direction of
the Galactic Centre may have a preferential value. That is, there is an excess grouped
around one particular angle, 100◦. An alignment between adjacent but unrelated PNe is
unexpected. However, if the long axis of a PN traces the angular momentum vector of
the progenitor system, such an effect could originate from the formation of the stellar
population, a concept rejected by Phillips (1997) as that author could nd no evidence
for it from previous studies of angular momentum vectors in molecular clouds or the
rotation of individual stars. But the orientation of a PN (as dened by the GPA of its long
axis) could also be inuenced by some external factor, for instance the Galactic magnetic
eld, which Gaensler (1998) argues, produces an alignment of the long axes of bilateral
supernova remnants with the Galactic Plane.
Studies of the orientation of PNe have been carried out for over thirty years with
conicting results (Schwarz et al. 2008). There has been no convincing evidence for
an alignment among nearby Galactic PNe, although there have been some claims for
a preferential alignment of the polar axis with the Galactic Plane (Melnick and Harwit
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1975). The evidence of Weidmann and D·az (2008) is based on a sample of 440 PNe that
were either bipolar, or elliptical with a major to minor axis ratio greater than 1.2 : 1 of
which 262 were in the direction of the Galactic Centre. Within that group they found an
excess of PNe with Galactic position angle (GPA) ∼ 100◦ .
We use the morphological survey of 130 PNe from the Galactic Bulge sample de-
scribed in §5.3 to test this claim. As only 21 objects are in common with Weidmann and
D·az (2008), this provides an independent test of the potential alignment.
7.2 The observations
The sample of 138 Bulge PNe described in §5.3 was reduced to 130 by removing PNe
for which no orientation could be determined. There were 96 NTT objects and 34 HST
objects left in the sample.
The PN orientation was taken to be that of the polar or major axis of the PN as
measured from North to East in the image, and converted to Galactic coordinates. The
angle was estimated by eye over the range [0◦ , 180◦ ) with the assistance of the ruler tool
in the NASA HEASARC fv system. The polar angle of the bipolar PNe was determined
by considering the direction of the lobes, and that of the polar PNe was derived from the
direction of lower intensity. The orientation of the non-polar PNe was taken to be that of
the major axis at 10 per cent of the peak ux level. Only PNe whose orientation could
readily be determined were included in the sample. Note that projection effects were not
taken into account, i.e. the angles were measured in the plane of the sky, as we have no
information of structure along the line of sight.
In order to ensure consistency the same person (the author) estimated the morphology
and orientation of the PNe for both data sets.
The formula
GPA = PA + arctan
[
cos (l − 32◦.9)
cos b cos 62◦.9 − sin b sin (l − 32◦.9)
]
(7.1)
was used to convert the measured polar angles (PA) of the PNe to Galactic position angles
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(GPA), see Corradi et al. (1998). The Galactic coordinates quoted in SIMBAD were used
to provide the values for l and b. Both sets of orientations are shown in Table 7.1. Fig. 7.1
shows the orientations of the PNe in the sample and main subsamples. They are shown
against the background of a contour plot of the 21 cm radio continuum polarization angles
in the Galactic Bulge (Testori et al. 2008); the data for the contours were taken from the
Max-Planck-Institut f¤ur Radioastronomie Survey Sampler.
It should be noted that 21 of the PNe, just under one sixth of our nal sample, are
also in the analysis presented in Weidmann and D·az (2008). According to our criteria, 4
of those 21 are bipolar, 10 polar and 7 non-polar.
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Figure 7.1: The GPA of the PNe in the samples plotted on the background of contour plots of
the polarization angles in the Galactic Bulge based on data obtained from Max-Planck-Institut fu¨r
Radioastronomie (2009), see also Testori et al. (2008). The polarization angles are with respect
to the Galactic North Pole and their magnitudes are indicated by the scale bar at the bottom right.
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Figure 7.1 (continued):
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Table 7.1: The orientations of the Galactic Bulge PNe. The angles are shown rounded to the nearest 1◦.
PNG Morphology PA GPA Telescope PNG Morphology PA GPA Telescope
/◦ /◦ /◦ /◦
000.2 – 01.9 bipolar 105 165 NTT 351.9+09.0 bipolar 53 104 NTT
000.3 – 04.6 bipolar 75 136 NTT 351.9 – 01.9 bipolar 12 69 HST
000.4 – 01.9 bipolar 39 99 NTT 353.2 – 05.2 bipolar 55 115 NTT
000.7+03.2 bipolar 174 51 NTT 354.5+03.3 bipolar 101 156 HST
000.7 – 07.4 bipolar 152 35 NTT 355.1 – 06.9 bipolar 20 81 NTT
001.4+05.3 bipolar 41 98 NTT 355.4 – 02.4 bipolar 157 35 HST
002.2 – 09.4 bipolar 145 29 NTT 356.5 – 03.6 bipolar 61 121 HST
002.6+02.1 bipolar 70 128 NTT 356.8+03.3 bipolar 25 81 HST
002.7 – 04.8 bipolar 29 91 NTT 356.9+04.4 bipolar 44 99 HST
003.2 – 06.2 bipolar 141 23 NTT 357.1 – 04.7 bipolar 25 85 HST
003.6+03.1 bipolar 27 85 HST 357.5+03.2 bipolar 26 82 NTT
003.6 – 02.3 bipolar 130 11 NTT 357.6 – 03.3 bipolar 35 95 NTT
004.2 – 05.9 bipolar 40 102 NTT 357.9 – 05.1 bipolar 40 101 NTT
004.3+01.8 bipolar 36 95 NTT 358.5 – 04.2 bipolar 161 41 HST
005.5+06.1 bipolar 31 88 NTT 358.6 – 05.5 bipolar 3 64 NTT
005.9 – 02.6 bipolar 63 124 NTT 358.9+03.4 bipolar 73 129 HST
006.4+02.0 bipolar 3 63 HST 359.1 – 02.9 bipolar 65 125 NTT
007.0 – 06.8 bipolar 22 85 NTT 359.3 – 01.8 bipolar 54 113 NTT
008.2+06.8 bipolar 70 128 HST 359.8+03.7 bipolar 32 89 NTT
008.4 – 03.6 bipolar 150 32 NTT 359.8+05.2 bipolar 83 139 NTT
009.8 – 04.6 bipolar 30 92 NTT 359.8+05.6 bipolar 81 137 NTT
351.2+05.2 bipolar 116 169 NTT 359.8+06.9 bipolar 170 46 NTT
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Table 7.1 (continued):
PNG Morphology PA GPA Telescope PNG Morphology PA GPA Telescope
/◦ /◦ /◦ /◦
000.1+02.6 polar 78 135 NTT 005.2+05.6 polar 166 44 NTT
000.1 – 02.3 polar 70 129 NTT 005.5 – 04.0 polar 134 16 NTT
000.4 – 02.9 polar 174 54 NTT 005.8 – 06.1 polar 63 126 NTT
000.7 – 03.7 polar 75 136 NTT 006.1+08.3 polar 90 147 HST
000.9 – 04.8 polar 141 22 NTT 006.3+04.4 polar 116 175 HST
001.2+02.1 polar 12 70 HST 006.8+02.3 polar 148 28 NTT
001.3 – 01.2 polar 56 116 NTT 007.5+07.4 polar 90 148 NTT
001.7 – 04.4 polar 84 145 HST 007.6+06.9 polar 54 112 NTT
002.3+02.2 polar 143 21 NTT 007.8 – 03.7 polar 171 53 NTT
002.3 – 03.4 polar 163 44 HST 009.4 – 09.8 polar 86 150 NTT
002.5 – 01.7 polar 90 150 NTT 350.5 – 05.0 polar 48 107 NTT
002.8+01.7 polar 9 68 HST 351.1+04.8 polar 159 32 HST
002.8+01.8 polar 43 102 NTT 351.6 – 06.2 polar 121 0 NTT
002.9 – 03.9 polar 15 76 HST 352.1+05.1 polar 131 5 NTT
003.1+03.4 polar 157 35 HST 352.6+03.0 polar 178 53 HST
003.7+07.9 polar 0 57 NTT 353.7+06.3 polar 0 53 NTT
003.8 – 04.3 polar 23 85 NTT 354.9+03.5 polar 99 154 HST
003.9+01.6 polar 59 118 NTT 355.9 – 04.2 polar 106 165 NTT
003.9 – 02.3 polar 138 19 NTT 356.3 – 06.2 polar 67 128 NTT
003.9 – 03.1 polar 105 166 HST 356.8 – 05.4 polar 175 56 NTT
004.0 – 03.0 polar 81 142 HST 357.0+02.4 polar 139 16 NTT
004.8 – 05.0 polar 0 62 NTT 357.1+03.6 polar 40 96 NTT
005.0 – 03.9 polar 165 47 NTT 357.1+04.4 polar 70 126 NTT
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Table 7.1 (continued):
PNG Morphology PA GPA Telescope PNG Morphology PA GPA Telescope
/◦ /◦ /◦ /◦
357.9 – 03.8 polar 65 125 NTT 004.6+06.0 non-polar 71 129 NTT
358.5+02.9 polar 30 87 HST 004.8+02.0 non-polar 35 95 HST
358.7+05.2 polar 82 138 HST 006.3+03.3 non-polar 32 91 NTT
358.8+03.0 polar 90 147 NTT 006.8 – 03.4 non-polar 171 53 NTT
359.0 – 04.1 polar 40 100 NTT 007.5+04.3 non-polar 119 178 HST
359.2+04.7 polar 164 40 HST 007.8 – 04.4 non-polar 111 173 NTT
359.6 – 04.8 polar 68 129 NTT 008.6 – 02.6 non-polar 162 44 HST
359.7 – 01.8 polar 129 8 NTT 352.0 – 04.6 non-polar 155 34 NTT
359.9 – 04.5 polar 137 18 NTT 353.3+06.3 non-polar 33 86 NTT
000.1+04.3 non-polar 105 162 NTT 355.6 – 02.7 non-polar 90 149 NTT
000.7 – 02.7 non-polar 133 13 NTT 355.9+03.6 non-polar 77 133 HST
000.9 – 02.0 non-polar 19 79 NTT 357.2+02.0 non-polar 90 147 HST
001.2 – 03.0 non-polar 155 35 NTT 357.3+04.0 non-polar 68 124 NTT
001.7+05.7 non-polar 116 173 NTT 357.5+03.1 non-polar 72 128 NTT
002.0 – 06.2 non-polar 145 27 NTT 358.0+09.3 non-polar 16 70 NTT
002.1 – 02.2 non-polar 117 177 NTT 358.2+03.5 non-polar 69 125 NTT
002.1 – 04.2 non-polar 167 48 NTT 358.2+04.2 non-polar 150 26 NTT
004.1 – 03.8 non-polar 6 67 HST 358.6+07.8 non-polar 127 2 NTT
004.2 – 03.2 non-polar 51 112 NTT 359.8+02.4 non-polar 9 66 NTT
004.2 – 04.3 non-polar 114 176 NTT 359.8 – 07.2 non-polar 124 6 NTT
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7.3: ANALYSIS
7.3 Analysis
The analysis was performed using Matlab ©, Mathematica © (Wolfram Research, Inc.
2010), and the statistical package R1. The full sample and the subsamples of bipolar,
elliptical, polar and non-polar PNe were analysed as were subsamples of them based on
a split north and south, and east and west of the Galactic Centre.
As the orientation angles occupied almost the whole semicircular range, circular
statistics techniques were used to investigate their distribution. Clearly an angle of 1◦
modulo 180◦ is closer to an angle of 175◦ than it is to one of 10◦ so the circular nature of
the data cannot be ignored.
As the orientations are axial rather than vector, the angles range only over 180 de-
grees. These were doubled to bring them to modulo 360◦ for much of the analysis, see
Fisher (1995).
As an initial step, nger plots of the distribution of the GPA and rose plots (a circular
form of bar chart) of the doubled angles were produced for all the samples. The nger
plots provide the ne detail of the information and avoid the possibly misleading effects
of grouping that can occur with any type of histogram. The plots for the overall sample
and the main subsamples are presented in Figs. 7.2 and 7.3.
Quantile-quantile (Q-Q) plots (a type of probability-probability plot) of the data for
each sample were also prepared (Fisher 1995) and those for the whole sample and the
morphological subsamples are shown in Fig. 7.4. The plots are extended below (0,0) and
above (1,1) with mirrored data from the other end of the plot. This extension is designed
to avoid any misleading effect due to the linear representation of circular data. Points
from an uniform distribution would lie on a 45◦ line from the bottom left to top right of
such a plot. Departures from that angle indicate departures from uniformity.
The nger, rose and Q-Q plots for the area subsamples are appended in Appendix G.
The mean GPA values were derived in the usual way for axial data i.e. as a vector
summation over 360◦ then halved.
1The R Project for Statistical Computing, http://www.r-project.org/
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Figure 7.2: Finger plots of the GPA and the rose plots of the doubled GPA for the sample and
the combined polar and non-polar subsamples. Each dot on a finger plot represents a GPA in the
subsample. The radial scale on the rose plots indicates the number of GPA in the angular interval.
As the randomness of a set of observations cannot depend on the axes the statistical
tests that we used had to be invariant under a rotation of the axes. A Rayleigh test, a
Hodges-Ajne test, a Kuiper test and a Watson U2 test for a null hypothesis of uniformity
against an alternative hypothesis of non-uniformity were made. The Kuiper test has the
advantage that it tests for randomness against any other alternative whereas the Rayleigh
test assumes an unimodal alternative (Fisher 1995). However, if the alternative is a von
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Figure 7.3: Finger plots of the GPA and the rose plots of the doubled GPA for the bipolar, polar
and non-polar subsamples. Each dot on a finger plot represents a GPA in the subsample. The
radial scale on the rose plots indicates the number of GPA in the angular interval.
Mises distribution (also known as the Circular Normal Distribution), the Rayleigh test is
the most powerful invariant test for uniformity (Bogdan et al. 2002). The Hodges-Ajne
test counts numbers on arbitrary semi-circles and checks for an excess on one side of
the circle. It can also be used for samples from any distribution (Jammalamadaka and
SenGupta 2001; Hoenen and Gnaspini 1999; Protheroe 1985). Consequently, in our case
it is useful when a peak in the number of events is likely to be conned to one half
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Figure 7.3 (continued):
of the angular range (modulo 180◦). Rayleigh tests for the same null hypothesis against
alternative hypotheses of unimodal distributions with a mean GPA of 90◦ and 100◦ i.e. the
angles of the Galactic Plane and of the excess found by Weidmann and D·az (2008) were
also performed. A further investigation of the mean GPA for the full bipolar subsample
was undertaken using bootstrapping. CircStat, the circular statistics toolbox for Matlab ©
(Berens 2009) was used for the Rayleigh tests and the Hodges-Ajne test. Mathematica ©
was used to provide the Watson U2 results.
Three methods of obtaining results for the Kuiper test were attempted. An asymptotic
test was tried rst. The test statistic is in accordance with table 1 of Stephens (1970)
and the pvalue calculated using formula 5.3.3 of Durbin (1973). Kuiper’s statistic is
approximated by
Kn =
(
n1/2 + 0.155 + 0.24/n1/2
) (
B+n + B
−
n
) (7.2)
where
B+n = sup
θ
[Fn (θ) − F (θ)]
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and
B−n = sup
θ
[F (θ) − Fn (θ)] (7.3)
The pvalue is given by
lim
∞
p = 2
∞∑
j=1
(
4 j2k2 − 1
)
e−2 j
2k2 (7.4)
where k is the calculated value of Kn.
The Rayleigh, Hodges-Ajne and Kuiper test results were not sufficiently close to each
other (see Table 7.2 for the results for the rst two methods) so we attempted a second,
non-asymptotic method of performing the Kuiper test in an attempt to decide between
the conicting results. The Kuiper test was performed in the way presented in Arsham
(1988) except that the pvalues were obtained directly using the method described in
Durbin (1973). We wished to judge whether the distribution of GPA is uniform so our null
hypothesis, H0, was that the population of GPA from which our sample (or subsample)
was drawn has an Uniform Distribution and our alternative hypothesis, H1, was that it
does not have such a distribution. Let the population distribution function (df) of the
GPA scaled over the range [0, 1) be denoted by F (θ) and the empirical df by Fn (θ),
where n is the sample size. Thus if m is the number of observations ≤ θ,
Fn (θ) = m
n
(7.5)
Arsham (1988) denes Kuiper’s statistic as
Kn = n1/2 sup
θ
[Fn (θ) − F (θ)]
+ n1/2 sup
θ
[F (θ) − Fn (θ)] (7.6)
and computed it using
Kn = n1/2 max
i
[Fn (θi) − F (θi)]
+ n1/2 max
i
[F (θi) − Fn (θi−1)] (7.7)
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where Fn (θ0) ≡ 0 and 1 ≤ i ≤ s ≤ n, where s is the number of unique values of θ
and where those values are arranged in order of increasing magnitude. Noting that Vn in
Durbin (1973) is equivalent to n−1/2Kn in Arsham (1988), the pvalues were derived as
follows:
pvalue = 1 − P [Kn ≤ k]
= 1 − n!
nn−1
h1,2 (7.8)
where
H =

0 1 0 · · · 0 0
0 1 1 · · · 0 0
0 12! 1 · · · 0 0
...
...
...
...
...
0 1(r−3)!
1
(r−4)! · · · 1 0
0 1(r−2)!
1
(r−3)! · · · 1 1
0 1−²r−1(r−1)!
1−²r−2
(r−2)! · · · 1−²
2
2! 1 − ²

n
(7.9)
r = bn1/2kc + 1 (7.10)
and
² = bn1/2kc −
(
n1/2k
)
+ 1 (7.11)
in accordance with §2.4 and §5.2 of Durbin (1973).
In order to ensure that there was no error in the formula we used for the Kuiper test
we used it to reproduce the values in table 1 of Arsham (1988) which are claimed to be
accurate to at least two digits after the decimal point. The values matched except for a
difference in the third decimal place for some entries where the sample size n >= 90 or
k >= 1.96, limits that do not cause problems for any other than the overall sample. Both
sets of results were derived using Matlab ©.
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Subsequently we found that the Mathematica © DistributionFitTest procedure had
options to perform the Kuiper and Watson U2 tests. We compared the results of the
Mathematica © Kuiper test with that of the previous two Kuiper test methods that we had
attempted. We found that the discrepancy between the Mathematica © and asymptotic
versions ranged between 0.00004 and 0.04 with most discrepancies being towards the
upper end of that range with a discrepancy of 0.00004 for the full area bipolar sample.
However, the discrepancies between the Mathematica © values and the matrix method
values were all in the 15th decimal place or better. It is this set of results that is presented
as the Kuiper test results in Table 7.2.
As a nal check on randomness Mathematica © was used to run a series of Kuiper
and Watson U2 tests on the whole-area bipolar data that allowed for the uncertainties
in the observed orientations. We used a set of 44 uncertainties drawn pseudo-randomly
from a N(0, 2) distribution and added those to the GPA. We conducted both tests on that
set of data then repeated the process 100 000 times. The results are shown as histograms
in Fig. 7.5. In order to demonstrate the validity of the check we conducted the same tests
on 100 000 samples chosen pseudo-randomly from a continuous U(0, 180) distribution.
Those results are shown in the same gure.
The procedure in CircStat that performed the Hodges-Ajne test initially produced a
set of pvalues that did not rise and fall in line with those produced by the other two tests
for uniformity. We checked the minimum number of orientations it found in a semicircle
manually against the orientations of the bipolar PNe. It did not match, the procedure was
missing out the results for all the semicircles containing 0◦. We devised a correction and
contacted the author of the procedure. The procedure in CircStat has now been corrected.
The tests listed above are all right tail (one-sided excess) tests.
The circular package in R was used to compare the bipolar and elliptical samples us-
ing Watson’s two-sample test of homogeneity in order to determine whether their GPA
were from two different populations. In this case H0 was that the GPA from the two sub-
samples were drawn from the same population and H1 was that they came from different
populations.
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Small pvalues would lead us to reject H0 in any of these tests.
As an arithmetic mean is not suitable for values arranged around a circle we lacked a
straightforward method to determine the uncertainty of the mean GPA. However, given
the other results we felt we should attempt to obtain such a value for the mean GPA of the
full bipolar subsample. This was done by using Mathematica © to bootstrap that sample
and derive the appropriate statistics. The sample was in effect used as the population
and 100 000 samples with replacement obtained from it. The circular mean GPA was
derived for each of the samples and the distribution of those means used to determine the
uncertainty. Given that the distribution of the means was found to be centred around 90◦
and did not approach either 0◦ or 180◦ we felt that we could consider it to be a distribution
on the real line. Its shape did not allow the assumption of normality however so we used
the 68 per cent condence limits from the empirical distribution together with the mean
GPA of the original bipolar subsample to provide our values.
We used data from Max-Planck-Institut f ¤ur Radioastronomie (2009), and the circ corrcc
function in CircStat to check for a relationship between the GPA of the PNe and the
Galactic magnetic eld using 21 cm polarization angles in the Galactic Bulge from the
Villa Elisa survey as a tracer for the eld (Testori et al. 2008).
We also decided to look for any relationship between the lobe lengths of the bipolar
nebulae and their orientation. The lengths were measured from lobe tip to lobe tip at (for
the most part) 1 per cent of the peak intensity level. A plot of the GPA against length is
shown in Fig. 7.8.
We also checked for any relationship between the PN orientation and its radial or
expansion velocity using straightforward linear regression (the procedure g02ca of The
NAG Toolbox for MATLAB ©). The radial velocities were obtained from Durand et al.
(1998); Malaroda et al. (2006); Beaulieu et al. (1999); Acker et al. (1992a) and the expan-
sion velocities from Gesicki and Zijlstra (2007) and K. Gesicki (private communication).
Plots of the GPA against both radial and expansion velocity are shown in Fig. 7.9 and the
values used are shown in Tables D.1 and D.2.
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Figure 7.4: The extended quantile-quantile plots for the full sample and the principal subsamples.
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Table 7.2: The sample size and mean orientation for the PNe orientation sample and sub-samples
together with the p–values for the single sample tests. The angles are shown rounded to the
nearest 1◦.
p–values
Class Area sample mean Tests for Uniformity Rayleigh Test with H1:
size GPA Rayleigh Hodges-Ajne Kuiper Watson U2 an unimodal mean GPA of:
/ ◦ 90◦ 100◦
All All 130 98 0.3038 0.4786 0.338 0.3174 0.0696 0.0616
Bipolar All 44 95 0.0013 0.0192 0.001 0.0072 0.0002 0.0002
Elliptical All 86 176 0.7706 0.8939 0.488 0.7025 0.7626 0.7375
Polar All 55 158 0.9105 0.9648 0.607 0.6540 0.6241 0.5777
Non-polar All 31 8 0.7287 0.9200 0.925 0.8617 0.7782 0.7867
All E 72 68 0.6975 0.6750 0.906 0.8434 0.2675 0.3503
All W 58 110 0.1323 0.2309 0.157 0.1560 0.0642 0.0300
All N 61 108 0.1311 0.2014 0.173 0.1553 0.0518 0.0263
All S 69 67 0.7778 0.9613 0.846 0.8414 0.3091 0.3838
All NE 28 99 0.3544 0.7822 0.773 0.5248 0.0848 0.0746
All NW 33 116 0.3109 0.2802 0.359 0.3436 0.1733 0.0972
All SE 44 37 0.5255 0.7803 0.603 0.6962 0.6186 0.7447
All SW 25 103 0.3913 0.5802 0.345 0.4189 0.1098 0.0862
Bipolar E 21 89 0.1274 0.4658 0.105 0.0864 0.0210 0.0305
Bipolar W 23 99 0.0067 0.1043 0.024 0.0108 0.0013 0.0008
Bipolar N 19 102 0.0110 0.0481 0.019 0.0126 0.0030 0.0013
Bipolar S 25 87 0.0619 0.3152 0.081 0.0456 0.0092 0.0163
Bipolar NE 8 92 0.0285 0.0625 0.047 0.0364 0.0036 0.0050
Bipolar NW 11 113 0.1548 0.0967 0.176 0.1915 0.0909 0.0410
Bipolar SE 13 77 0.8388 0.8728 0.653 0.5624 0.2972 0.3412
Bipolar SW 12 90 0.0157 0.0059 0.026 0.0228 0.0018 0.0034
Elliptical E 51 24 0.7036 0.9090 0.917 0.7915 0.7122 0.7704
Elliptical W 35 148 0.5957 0.5343 0.445 0.5430 0.6708 0.5405
Elliptical N 42 129 0.8081 0.9265 0.784 0.8982 0.4442 0.3631
Elliptical S 44 11 0.4686 0.7803 0.467 0.5421 0.8720 0.8909
Elliptical NE 20 136 0.9214 0.8871 0.979 0.9964 0.5049 0.4494
Elliptical NW 22 124 0.8684 0.9149 0.556 0.8150 0.4188 0.3592
Elliptical SE 31 29 0.4122 0.7097 0.655 0.4347 0.7602 0.8534
Elliptical SW 13 159 0.4251 0.4888 0.564 0.4939 0.8384 0.7366
Polar E 33 21 0.9981 0.9532 0.609 0.6618 0.5182 0.5228
Polar W 22 155 0.7941 0.9149 0.802 0.8737 0.6708 0.5943
Polar N 26 41 0.9143 0.9498 0.943 0.9116 0.5250 0.5802
Polar S 29 147 0.6747 0.6716 0.606 0.6256 0.6462 0.5307
Polar NE 14 62 0.9410 0.7332 0.895 0.9718 0.4227 0.4666
Polar NW 12 22 0.9143 0.9668 0.930 0.9800 0.6186 0.6503
Polar SE 19 160 0.9561 0.9611 0.726 0.7094 0.5902 0.5585
Polar SW 10 143 0.5258 0.5273 0.495 0.5313 0.6253 0.4716
Non-polar E 18 24 0.4166 0.5229 0.459 0.4348 0.8096 0.8780
Non-polar W 13 140 0.7060 0.8728 0.465 0.6969 0.5585 0.4431
Non-polar N 16 129 0.2788 0.7998 0.408 0.3084 0.3800 0.2055
Non-polar S 15 27 0.0519 0.0705 0.084 0.0775 0.9222 0.9780
Non-polar NE 6 143 0.4818 0.1875 0.284 0.4258 0.6235 0.4597
Non-polar NW 10 119 0.4709 0.5273 0.431 0.4344 0.2638 0.1695
Non-polar SE 12 34 0.0794 0.0586 0.095 0.1081 0.8002 0.9336
Non-polar SW 3 4
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7.4 Results
It can already be seen from the rose plots in Figs. 7.2 and 7.3 that the plot for the bipolar
PNe is slightly less balanced than those for the other classications.
Some indications of the uniformity of the distributions of the GPA can be seen from
the Q-Q plots in Fig. 7.4. The deviations from the 45◦ line tend to increase as the sample
size decreases, a situation that can also be seen in the plots for the subsamples. However,
the bipolar sample and its subsamples have greater deviations than do the elliptical sam-
ple and its subsamples. Note the pronounced deviation from a 45◦ slope at approximately
(0.5,0.5) in the plot for the bipolar data sample.
The pvalues obtained for the single sample tests are listed in Table 7.2, as are the
sample sizes. The pvalues derived for the non-polar south-west subsample have been
excluded as the sample size of 3 indicates that they are not meaningful. In all ve tests
the null hypothesis, H0, is that the distribution of the GPA is uniform (i.e. when the
angles are doubled to cover the full circle it is isotropic). The alternative hypothesis, H1,
for the four tests for uniformity is simply that the distribution is not uniform. H1 for the
Rayleigh tests against the mean are those of an unimodal distribution with a mean (axial)
angle of 90◦ , the angle of the Galactic Plane, and 100◦ , the angle of the excess found by
Weidmann and D·az (2008), respectively.
The histograms in Fig. 7.5 demonstrate the reliability of the result of the Kuiper test
for the bipolar sample. For the Kuiper tests we obtained a mean pvalue of 0.002 with a
standard deviation of 0.001 and a median value of 0.002. The maximum value is 0.015
but there are few values above 0.008. As the uncertainty in this result lies in the third
decimal place all the pvalues for the Kuiper test in Table 7.2 have been rounded to three
decimal places. The Watson U2 tests produced a mean pvalue of 0.0073 with a standard
deviation of 0.0003 and a median value of 0.0073. The distribution appears symmetric
about the mean and the maximum value is 0.0087. The histograms show that while the
uncertainty in the measurement of the angle reduces the signicance of the result, it does
not take it above the 0.01 level.
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We inevitably nd that the conclusions depend on the level of signicance that we
wish to set. The GPA of the full sample of 130 PNe has an uniform distribution even
with a signicance level of 0.01 as used by Weidmann and D·az (2008). This is also true
for the samples of 55 polar, 31 non-polar and 86 elliptical (combined polar and non-polar)
PNe and is the case for all ve tests.
There is a different outcome when we consider the bipolar subsample. While the four
tests for uniformity against a simple non-uniform alternative do not allow us to reject the
null hypothesis of uniformity of the sample at a 0.001 signicance level, there is evidence
for non-uniformity at a 0.01 signicance level. In order of increasing signicance, the
Hodges-Ajne test will not allow us to reject uniformity for the bipolar PNe even at the
0.01 signicance level. The Rayleigh test for uniformity against an unspecied alterna-
tive distribution produces a pvalue of 0.0013. The Kuiper test’s pvalue of 0.0010 will
strictly speaking not permit us to reject the null hypothesis of uniformity at a 0.001 sig-
nicance level but does permit it at a level of 0.01, a level which does not change when
allowing for the uncertainties in the observed orientations. Moreover, the Rayleigh test
for a null hypothesis of an uniform distribution against an alternative of an unimodal dis-
tribution with a 100◦ mean orientation (consistent with the excess found by Weidmann
and D·az (2008)) produces a pvalue of 0.0002. This does allow us to reject uniformity
for the overall bipolar subsample at a 0.001 signicance level. It also permits us to reject
uniformity for up to four of the bipolar area subsamples, the West at a 0.001 signicance
level, and each of the North, North East and South West subsamples at the 0.01 level.
Fisher (1995) points out that tests with a simple non-uniformity alternative may not
be very good at detecting something specic like unimodality whereas a test designed
to detect that attribute may not be very good at detecting other types of non-uniformity.
This difference might explain the difference in the results. The nger plots and rose plots
of the bipolar sample indicate that it is reasonable to make an assumption of unimodality
for it, which supports the use of the Rayleigh test.
The Watson two-sample test for homogeneity, used to compare the bipolar and ellip-
tical subsamples. produced a pvalue in the interval (0.001, 0.01). For this test H0 was
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that the GPA from the two subsamples were drawn from the same population and H1 was
that they came from different populations. If we work at the 0.001 signicance level we
cannot reject the null hypothesis that the GPA of the bipolar and elliptical PNe are drawn
from the same population whereas if we were to work at the 0.01 signicance level we
would reject that hypothesis.
The arithmetic mean of 91.8◦ ± 0.3 for the GPA for the bipolar subsample is invalid
for a data set around a circle but the circular mean GPA of 94.953◦ clearly has spurious
accuracy. The distribution of the 100 000 circular mean GPA obtained from the boot-
strapping is shown in Fig. 7.7. It has a distinct peak at around 90◦ and minimum and
maximum values of 38◦ and 134◦ (to the nearest whole number) respectively. On that
basis we felt able to consider it as a distribution along the real line. Its mean value and
standard deviation are 94.734◦ and 7.840◦ respectively. Unfortunately it has a skewness
of -0.19 and a kurtosis of 3.66 as compared to the values for a Normal distribution of
0 and 3. This meant that the mean and standard deviation could not be used to obtain
the estimate for the uncertainty in the mean GPA of the original sample. We took the 68
per cent condence limits from the bootstrap distribution, i.e. the values of the 16 000 th
(87.255◦) and 84 000 th (102.265◦) values of the sorted mean GPA together with the mean
GPA (94.953◦) of the observed bipolar sample to produce an uncertainty of 8◦. Our value
for the mean GPA for the full bipolar subsample is thus 95◦ ± 8. Note that a change in
the seed to produce the random selections does not change the rst signicant gure of
the uncertainty.
The correlations obtained between the Villa Elisa survey polarization angles and
the GPA of the sample and main subsamples have coefficients that lie in the interval
(−0.2, 0.2).
Plots of the relationship between PN orientation and PNe dimension are shown in
Fig. 7.8. The plot for the bipolar PNe, together with a Pearson product-moment correla-
tion coefficient of -0.012 obtained from a simple linear regression of the GPA against the
lobe tip-to-tip angular size, demonstrates that the orientation is not related to size. The
variation in distance to the PN is unlikely to be such as to change that conclusion.
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The relationship between PN orientation and both PNe radial velocity and PNe ex-
pansion velocity are shown in Fig. 7.9. Those graphs together with the fact that the
Pearson product-moment correlation coefficients for the radial velocity regressions lie in
the interval (-0.06,0.25), and those for the expansion velocity regressions lie in the inter-
val (-0.11,0.27) suggest that there is no relationship between PN orientation and either
PN radial velocity or PN expansion velocity.
Some caution is required as the angles were measured in the plane of the sky and no
adjustment attempted to allow for projection effects.
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Figure 7.5: Histograms of the p–values for the GPA adjusted by N(0, 2) distributed uncertainties
for the bipolar subsample. A Kuiper test was used to produce the top histogram and a Watson U2
test for that on the bottom. 100 000 sample members were used for each test with those members
being common to both tests.
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Figure 7.6: The set of histograms produced for sets of 44 angles obtained from a continuous
U(0, 180) distribution when tested against uniformity by a Kuiper test and a Watson U2 test.
100 000 sample members were used for each test with those members being common to both
tests.
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Figure 7.7: The distribution of the bootstrapped circular mean GPA of the bipolar sample. There
were 100 000 bootstrapped samples. The curve overlaid in red is that of the pdf of a Normal
distribution with the same mean and standard deviation.
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Figure 7.8: The GPA of the PNe plotted against the lobe to lobe dimensions of the bipolar PNe,
the polar lengths of the polar PNe and the lengths along the major axis of the non-polar PNe. The
PNe appear twice in order to emphasize the axial nature of the angular data. Once for the GPA
and once for the GPA plus 180◦. The horizontal lines at 100◦and 180◦are to allow comparison
with the angle of excess found by Weidmann and Dı´az (2008).
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Figure 7.9: The GPA of the PNe plotted against their Radial and Expansion Velocities.
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7.5 Discussion and conclusions
7.5.1 Alignment with the Galactic Plane
The method of determining the orientation for each morphological class is stated in sec-
tion 5.3. It is consistent within each class but not necessarily between classes. One
consequence of this is that combining the data from two or more classes into the ellip-
tical and overall class has limited validity, other than that if the combined class is not
random at least one of its components is not random (the orientations are over the same
domain).
We have no evidence that the GPA of either the polar or non-polar PNe are other than
randomly distributed. However, having taken the factors listed above into account, we
consider that there is evidence that the GPA of the bipolar PNe in the Galactic Bulge do
not have an uniform distribution, i.e. that the two-dimensional orientation of the bipolar
PNe in the Galactic Bulge is not random.
The uncertainty in our value for the mean GPA of the bipolar PNe, 95◦ ± 8, is large
enough to encompass both the value obtained by Weidmann and D·az (2008) on the one
side and the Galactic Plane on the other. The Rayleigh test results conrm that lack
of precision. As our sample and that of Weidmann and D·az have only 21 objects in
common, of which only four are bipolar in our classication, we have an independent
test of a potential alignment of PNe in the Galactic Bulge.
7.5.2 Orientation changes during evolution
The lobe length is related to the age of the PN, and the lack of relation suggests that the
orientation is set during the youth of the PN or before it has formed. There is no evidence
that the orientation changes during the PN evolution. The expansion velocity tends to
be higher for higher-mass central stars (although this may not be important for the old
stellar population of the Galactic Bulge), or for emission-line central stars (Gesicki et al.
2006). These aspects are not shown to be related to the orientation. Finally, we do not
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nd evidence that a PN’s orientation is related to its radial velocity.
7.5.3 External effects on shaping
A possible external cause for the orientation of the PNe along the Galactic Plane could
be found in the magnetic eld in the interstellar medium (ISM). A suitable mechanism
has been proposed by Gaensler (1998) who suggests that the stellar wind is distorted,
elongated by the magnetic eld in the ISM.
The low magnitudes of the correlation coefficients between the Villa Elisa polariza-
tion angles and the GPA of the sample and main subsamples suggest that there is little, if
any, relationship between the orientation of PNe and the present Galactic magnetic eld.
However, that result does not allow for depolarization due to Faraday rotation, (Testori
et al. 2008). The frequency of the Villa Elisa survey is too low to avoid the effect of such
rotation; moreover the resolution of the survey is too low to match the locations of the
PNe with sufficient precision.
The dense molecular clouds within about 4◦ of the Galactic Centre tend to have their
magnetic elds aligned along the Galactic Plane (Morris 1998) and these elds are quite
uniform and strong. If that is also the case for the remainder of the Bulge, a propensity for
the stars which form the bipolar PNe to align with the magnetic eld of the cloud from
which they themselves were formed could provide an explanation for the non-random
distribution of the PNe orientations.
However, the fact that the orientation is independent of nebular size argues that the
orientation is set early in the PN formation, and close to the star. The magnetic eld
can have little effect over the small distances involved (the wind acceleration region is
located within 110 AU from the star) and at the high densities in the wind. The physical
mechanism therefore remains unclear. An external effect would also not explain why the
alignment is found only for bipolar PNe.
BRYAN REES 197
7: THE ORIENTATIONS OF THE BULGE PNE
7.5.4 Angular momentum
The currently favoured view for shaping non-spherical PNe is that of binary interactions
(de Marco 2009) . In this model, either an AGB star provides spherical ejecta and its inter-
actions with a binary companion shapes those ejecta, or a close binary forms a common
envelope leading to aspherical ejecta (Zijlstra 2007). Stellar magnetic elds also provide
possible shaping mechanisms, however Soker (2006) argues that sufficiently strong elds
still require a companion to continuously spin up the envelope.
Bipolar nebulae show dense tori which shape the polar ows. The strongest bipolar
systems may arise from wider binaries, such as M2-9 with a period of 90 years (Corradi
et al. 2011). Nebulae ejected by common-envelope systems, which evolve from much
shorter period binaries, often show thin rings rather than dense tori (Zijlstra 2007), pos-
sibly related to the lower angular momentum available in close systems. Miszalski et al.
(2009c) does nd bipolar PNe around some post-common-envelope systems, see §5.9.
It seems likely that the distinction between bipolar and elliptical PNe is related to the
amount of angular momentum available for shaping.
The angular momentum vector is set at the time of formation of the star. Although
the orbit of the star in the Galaxy may change due to interactions with stars and nebulae,
those interactions tend to leave the angular momentum vector of the system itself stable.
The alignment of bipolar nebulae suggests that there was an original alignment of stellar
systems in the Bulge, at the time of formation of the stars, most clearly seen for those
objects with the largest angular momentum.
The alignment of the bipolar nebulae is seen approximately along the Galactic Plane.
Under the hypothesis of shaping by angular momentum, this implies that the binary sys-
tems in the Galactic Bulge have angular momentum vectors that are preferentially aligned
along the Galactic Plane. Howard et al. (2009) show that there is strong evidence for
cylindrical rotation in the Bulge, with angular momentum perpendicular to the Galactic
Plane. We thus have the situation that binary systems out of which bipolar planetary neb-
ulae are formed have their angular momentum vector perpendicular to that of the Bulge
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in which they form.
7.5.5 Alignment and binarity in star formation
Assuming that the alignment found for bipolar nebulae is correct, and assuming it is
related to the angular momentum vector of a binary system at the time of its origin, the
question arises how the alignment occurred, and why it differs from that of the Bulge
overall.
A possible mechanism is provided by the magnetic eld. A strong eld embedded in
a star-forming cloud slows the contraction perpendicular to the eld lines. Therefore, the
discs around the collapsing young stellar objects may be expected to have their symmetry
axis along the magnetic eld. Whether this occurs in reality is controversial. Hydrody-
namical models indicate that for larger elds, outows indeed become oriented along the
magnetic eld lines (Matsumoto et al. 2006). Vink et al. (2005) nd that for FU Ori and
DR Tau, the stellar axis is aligned with the larger magnetic eld direction. However,
other studies suggest that the orientation of young stellar objects in a cluster is random,
e.g. M·enard and Duchene (2004) do not show such an effect. Jackson and Jeffries (2010)
nd no evidence for alignment of stellar spin axes within a cluster. However, no studies
have been made on possible alignment of binary orbits within young clusters. Binary
orbits carry far more angular momentum than does the stellar rotation, and the result
from the Galactic Bulge PNe could indicate that the alignment is present only in binary
systems.
One can speculate that the magnetic eld slows the contraction of those star-forming
cores which have net angular momentum along the direction of the magnetic eld. These
objects may, as a result, have a higher propensity towards forming wide binaries. We
therefore suggest that the alignment of bipolar nebulae can be understood if the star
formation in the Bulge occurred in the presence of strong magnetic elds, oriented along
the Galactic Plane.
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7.6 Summary
We have classied 130 PNe that we consider to be in the Galactic Bulge into three mor-
phological categories. For each of those PNe, we determined a position angle for the
polar direction and converted that to an angle from Galactic north to Galactic east. We
then undertook a statistical analysis of those angles and found that for one of the mor-
phological classes, the bipolar class, there is evidence for a non-random distribution of
the angles at signicance levels equivalent to that between 2.4σ and 3.7σ for a Gaussian
distribution. The mean orientation is aligned approximately to that of the Galactic Plane.
On the basis that the orientation of the bipolar nebulae is independent of their size we
propose a mechanism for the production of that non-random distribution of orientations.
The debate on the main shaping mechanism in PNe has concentrated on binarity and
magnetic elds. Currently, binary systems are seen as the dominant effect (this may
be of course be inuenced by the fact that binaries are easier to detect than magnetic
elds), with magnetic elds having a secondary role. We hypothesise that the parameters
of the binary systems themselves are in part the product of magnetic elds present at
their origin, thus reversing again cause and effect. The long debate has shown that both
effects are difficult to separate, and are to a signicant degree intertwined. The alignments
suggest that this interaction between eld and binarity dates back to the processes acting
during the origin of the stars.
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8.1 What we did and did not find
We processed 1 634 les obtained during NTT observations of 161 PNe in 2003. From
these we were able to derive the Hβ 486.1 line uxes for 59 PNe and the [O] 500.7, and
by implication the [O] 495.9 nm, line uxes for 69 PNe. We found that the values of
those line uxes are independent of nebular morphology. Our photometric uxes for Hβ
and [O] generally conrm the spectroscopic uxes in the Acker et al. (1992b) catalogue
but there are a number of discrepancies. A further check should be carried out on the
uxes of those PNe.
A further 37 Hα 656.3 nm observations of PNe made using the HST in 2002 and 2003
were added to the Hα 656.3 nm images from the NTT sample. The NTT images were
deconvolved and 138 images from the combined sample were selected as likely Galactic
Bulge PNe. The sizes and, where possible, orientations of those PNe were then measured.
We then considered the relationships between both morphology (bipolar, polar or non-
polar) and size with location and with values in the literature for radial and expansion
velocity, CSPN binarity, and nebular abundances.
We found no evidence for a scale height for PNe within the Bulge. There appears to
be a relationship between PN morphology and size in the form of an increase in size from
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non-polar, through polar to bipolar PNe. However, this does not extend to them being
separate populations. We found no relationship between morphology and location. Nei-
ther is there any evidence for a relationship between radial velocity and PN morphology,
size, or location but there is the possibility of a non-linear relationship between radial
velocity and Galactic longitude. There is also the possibility of a relationship between a
PN’s expansion velocity along its equatorial axis and its dimensions but additional expan-
sion velocity data is required to determine whether that is the case. There is no evidence
for any relationship between a PN’s expansion velocity and either of its morphology or
location.
There was little information available on CSPN binarity in the Bulge. However the
information we could obtain suggests that bipolarity does not imply common-envelope
evolution.
There appears to be a wealth of information on abundances for Bulge PNe. We used
the information from Chiappini et al. (2009); G·orny et al. (2009) and the associated
catalogue in VizieR (Ochsenbein et al. 2000). Relating the abundances for those PNe in
our sample to the PN morphology we found the following:
1. The He abundances were above solar in most cases suggesting an increase in He
during the stellar lifetime. There was no signicant difference between the He
abundances for the three morphologies but the results hinted that bipolar PNe
tended to have the least He abundance and non-polar PNe the greatest.
2. Only non-polar PNe showed a relationship between the abundances of N and He
but even for those PNe there must be other factors at play.
3. The relationship between the O abundance and morphology appears to have a sim-
ilar relationship to that for He. Once again however, there is no signicant differ-
ence between the O abundances for the three morphologies.
4. We found a moderate negative correlation between N/O and O/H for the non-polar
PNe.
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5. We were also able to obtain moderate correlations between N/O and He/H for our
overall data set, the bipolar data set and the polar data set but not for the non-polar
data set separately.
6. There appears to be a progression in He abundance and in the N/O abundance ratio
from non-polar, through polar to bipolar PNe morphology.
7. There is a moderately strong correlation between log (Ne/EqAr) and log (O/EqAr)
for all three morphologies. There is no statistical difference in the Ne/O ratio for
our three morphological classes. Although there is the suggestion of a faster rise in
Ne for bipolar PNe than for the other two morphologies, more data is required to
settle the matter.
8. Some non-polar PNe are of Type I as are many of those that we classied as polar
but not all bipolar PNe are of Type I. The PN Type cannot be used directly to
determine PN morphology.
A relationship between morphology and abundances suggests a relationship between
morphology and stellar mass and evolution. Although we found progressive changes in
some abundances with changes in morphology the morphological classes do not have
distinct differences in abundances. Moreover, the N (N) /N (H) ratios in Karakas and
Lattanzio (2007) did not enable us to identify different progenitor mass ranges to the dif-
ferent morphologies. We are thus unable to conclude that PN morphology is determined
by stellar mass or evolution. We are able to say that the Bulge PNe in our sample were
formed from stellar progenitors with masses of less than 6M¯.
Using the equivalent argon value derived from an average of the Ar/H and S/H abun-
dance ratios we determined that due to the small sample sizes we were unable to accept
that the metallicities of bipolar and non-polar PNe in the Galactic Bulge are in general
different and hence that those morphologies are formed by stars from different stellar
populations. The N (N) /N (H) ratios in Karakas and Lattanzio (2007) were of no help in
this task. Additional data on the Ar and S abundances in Bulge PNe is required in order
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to come to a denitive conclusion. A relationship between morphology and metallicity
would imply that a PN’s morphology is determined by the environment in the location
where its progenitor star was formed. We are unable to conclude that this is the case.
We were able to obtain orientations for 130 of the Bulge PNe. When converted to
GPA those angles for the bipolar class proved to be non-random with a mean orientation
aligned approximately to the Galactic Plane. If binary systems are dominant in producing
bipolar morphologies it is possible that the binary systems themselves are aligned by
magnetic elds present at their origin.
8.2 Suggested Future Work
We have been unable to conrm the catalogued Hα uxes of our sample of PNe due to
problems with the lter that was used during the observations. Fresh observations should
be made to provide that conrmation. A further check should also be carried out on the
uxes of those PNe for which the photometric Hβ and [O] ux values were not close to
the catalogued values. Hα extinction values could then be obtained as described in Ruﬄe
et al. (2004). This work on the uxes could be carried out as part of the VPHAS survey.
A higher resolution than the observations we obtained using the NTT would be ad-
vantageous however. Higher resolutions would both improve our morphological classi-
cation and enable more accurate polar angle estimates to be made. Additional bipolar
targets would also be useful in that the larger sample would make the statistical analysis
of the GPA more robust. We have a few observations from which we might be able to
obtain some characteristics of the CSPN, such as the temperature and luminosity. The
repeated observations may provide additional candidate CSPN for this work.
The fact that we have had to work with the intersections of data sets when dealing
with abundances and expansion velocities has led to reduced sample sizes and difficulty
in arriving at conclusions. We need to obtain that data for those PNe in our sample for
which it is not available in a manner consistent with the existing data.
In order to estimate the effect of magnetic elds on PNe orientations an attempt
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should be made to avoid the effects of Faraday rotation on the polarization maps. This
could be done by mapping the polarization at higher frequencies or utilizing the known
polarization angles of background objects.
A larger sample of PNe would be useful in order to conrm the results on PNe ori-
entation. That sample could, for example, include the [O] PNe observations from the
MASH survey, (see Kovacevic et al. 2011b). A larger sample would necessitate some
automation of the method for determining the orientation. The  (Draper and Eaton
2002) or  (Bertin 2008) programs might be suitable for that purpose.
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Table A.1: The designations of the planetary nebulae and the two standard stars observed using
the NTT in 2003. There are 161 PNe, not all of which are in the Galactic Bulge.
PN G
007.5+07.4 002.2-02.5 005.0-03.9 013.0-04.3 357.0+02.4
009.8-04.6 002.2-02.7 005.0+04.4 014.2+04.2 357.1+03.6
000.1-02.3 002.2-09.4 005.1-03.0 283.8+02.2 357.1+04.4
000.1+02.6 002.3-03.4 005.2+05.6 285.6-02.7 357.2+07.4
000.1+04.3 002.3+02.2 005.5-04.0 286.5+11.6 357.3+03.3
000.2-01.9 002.5-01.7 005.5+06.1 289.8+07.7 357.3+04.0
000.2-04.6 002.6+02.1 005.8-06.1 291.6-04.8 357.5+03.1
000.3-04.6 002.7-04.8 005.9-02.6 292.8+01.1 357.5+03.2
000.3+06.9 002.8-02.2 006.1+08.3 296.4-06.9 357.6-03.3
000.3+12.2 002.8+01.8 006.3+03.3 298.1-00.7 357.9-03.8
000.4-01.9 003.2-06.2 006.4-04.6 345.2-01.2 357.9-05.1
000.4-02.9 003.3-07.5 006.8-03.4 349.8+04.4 358.0+09.3
000.5-03.1 003.3-01.6 006.8+02.3 350.5-05.0 358.2+03.5
000.7-02.7 003.4-04.8 006.8+04.1 350.9+04.4 358.2+04.2
000.7-03.7 003.6-02.3 007.0-06.8 351.1+04.8 358.6-05.5
000.7-07.4 003.7-04.6 007.0+06.3 351.2+05.2 358.6+07.8
000.7+03.2 003.7+07.9 007.2+01.8 351.6-06.2 358.8+03.0
000.9-02.0 003.8-04.3 007.6+06.9 351.7-10.9 358.9-00.7
000.9-04.8 003.8-04.5 007.8-03.7 351.9+09.0 359.0-04.1
001.0-01.4 003.8+05.3 007.8-04.4 352.0-04.6 359.1-02.9
001.0-02.6 003.9-02.3 008.2+06.8 352.1+05.1 359.3-01.8
001.1-01.6 003.9-03.1 008.3-01.1 352.8-00.2 359.6-04.8
001.2-03.0 003.9+01.6 008.4-03.6 353.2-05.2 359.7-01.8
001.3-01.2 004.0-05.8 009.4-09.8 353.3+06.3 359.8-07.2
001.4+05.3 004.0-11.1 009.8-07.5 353.7+06.3 359.8+02.4
001.5-06.7 004.2-03.2 010.1+00.7 355.1-06.9 359.8+03.7
001.6-01.3 004.2-04.3 010.7-06.7 355.4-02.4 359.8+05.6
001.7-04.4 004.2-05.9 010.7+07.4 355.6-01.4 359.8+06.9
001.7+05.7 004.3+01.8 010.8-01.8 355.6-02.7 359.9-04.5
002.0-02.0 004.5+06.8 011.0+05.8 355.9-04.2
002.0-06.2 004.6+06.0 011.3+02.8 356.1-03.3
002.1-02.2 004.8-05.0 011.7-00.6 356.3-06.2
002.1-04.2 004.8+02.0 011.7+00.0 356.8-05.4
Standard Stars GD108 (WD) NGC 7293 (CSPN)
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Figure A.1: The boxplots for the derived and catalogued [O] 5007 Å and Hβ 4861 Å fluxes
together with their ratio. The dashed lines indicate that outliers have been suppressed in the plots
in order to give a clearer visual interpretation.
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Figure A.1 (continued):
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Figure A.2: A comparison of the Hβ catalogued and derived fluxes for the bipolar PNe. Top –
the full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The
straight line in the top and centre plots is a line with gradient one; it is there to allow a judgement
as to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other. PN G 355.1-06.9 has already been excluded, see §4.1.
212 THE MORPHOLOGY OF PLANETARY NEBULAE
+++
+
+
+
+
+
+
+
+
+
+
0 5. ´ 10-13 1. ´ 10-12 1.5 ´ 10-12 2. ´ 10-12
0
5. ´ 10-13
1. ´ 10-12
1.5 ´ 10-12
2. ´ 10-12
2.5 ´ 10-12
Estimated HΒ Flux  mW m-2
Ca
ta
lo
gu
ed
H
Β
Fl
ux
mWm
-
2
+
+
+
+
+
+
+
+
+
+
+
0 1. ´ 10-13 2. ´ 10-13 3. ´ 10-13 4. ´ 10-13 5. ´ 10-13 6. ´ 10-13
0
1. ´ 10-13
2. ´ 10-13
3. ´ 10-13
4. ´ 10-13
5. ´ 10-13
6. ´ 10-13
Estimated HΒ Flux  mW m-2
Ca
ta
lo
gu
ed
H
Β
Fl
ux
mWm
-
2
Figure A.2 (continued): A comparison of the Hβ catalogued and derived fluxes for the bipolar
PNe without the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux
scale for clarity. The straight line in the top and centre plots is a line with gradient one; it is there
to allow a judgement as to whether the catalogued flux is too large or the derived flux too small
on the one hand or the converse on the other.
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Figure A.2 (continued): The standardized residuals from regressions of the Hβ catalogued PNe
fluxes against the derived fluxes for the bipolar PNe. Top – the sample before any outliers had
been removed; bottom – the sample after all the outliers had been removed or the decision had
been made to stop the process. The abscissa corresponds to the position of the point in the
sequence of derived flux values.
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Figure A.3: A comparison of the Hβ catalogued and derived fluxes for the polar PNe. Top – the
full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The straight
line in the top and centre plots is a line with gradient one; it is there to allow a judgement as
to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other.
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Figure A.3 (continued): A comparison of the Hβ catalogued and derived fluxes for the polar
PNe without the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux
scale for clarity. The straight line in the top and centre plots is a line with gradient one; it is there
to allow a judgement as to whether the catalogued flux is too large or the derived flux too small
on the one hand or the converse on the other.
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Figure A.3 (continued): The standardized residuals from regressions of the Hβ catalogued PNe
fluxes against the derived fluxes for the polar PNe. Top – the sample before any outliers had been
removed; bottom – the sample after all the outliers had been removed or the decision had been
made to stop the process. The abscissa corresponds to the position of the point in the sequence
of derived flux values.
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Figure A.4: A comparison of the Hβ catalogued and derived fluxes for the non-polar PNe. Top
– the full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The
straight line in the top and centre plots is a line with gradient one; it is there to allow a judgement
as to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other.
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Figure A.4 (continued): A comparison of the Hβ catalogued and derived fluxes for the non-polar
PNe without the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux
scale for clarity. The straight line in the top and centre plots is a line with gradient one; it is there
to allow a judgement as to whether the catalogued flux is too large or the derived flux too small
on the one hand or the converse on the other.
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Figure A.4 (continued): The standardized residuals from regressions of the Hβ catalogued PNe
fluxes against the derived fluxes for the non-polar PNe. Top – the sample before any outliers had
been removed; bottom – the sample after all the outliers had been removed or the decision had
been made to stop the process. The abscissa corresponds to the position of the point in the
sequence of derived flux values.
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Figure A.5: A comparison of the Hβ catalogued and derived fluxes for all the PNe. Top – the full
sample; bottom – the same cropped to the lower end of the flux scale for clarity. The straight line
in the top and centre plots is a line with gradient one; it is there to allow a judgement as to whether
the catalogued flux is too large or the derived flux too small on the one hand or the converse on
the other. PN G 355.1-06.9 has already been excluded, see §4.1.
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Figure A.5 (continued): A comparison of the Hβ catalogued and derived fluxes for all the PNe
except the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux scale
for clarity. The straight line in the top and centre plots is a line with gradient one; it is there to
allow a judgement as to whether the catalogued flux is too large or the derived flux too small on
the one hand or the converse on the other.
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Figure A.5 (continued): The standardized residuals from regressions of the Hβ catalogued PNe
fluxes against the derived fluxes for all the PNe. Top – the sample before any outliers had been
removed; bottom – the sample after all the outliers had been removed or the decision had been
made to stop the process. The abscissa corresponds to the position of the point in the sequence
of derived flux values.
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Figure A.6: A comparison of the [O] catalogued and derived fluxes for the bipolar PNe. Top
– the full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The
straight line in the top and centre plots is a line with gradient one; it is there to allow a judgement
as to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other. PN G 355.1-06.9 has already been excluded, see §4.1.
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Figure A.6 (continued): A comparison of the [O] catalogued and derived fluxes for the bipolar
PNe without the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux
scale for clarity. The straight line in the top and centre plots is a line with gradient one; it is there
to allow a judgement as to whether the catalogued flux is too large or the derived flux too small
on the one hand or the converse on the other.
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Figure A.6 (continued): The standardized residuals from regressions of the [O] catalogued
PNe fluxes against the derived fluxes for the bipolar PNe. Top – the sample before any outliers
had been removed; bottom – the sample after all the outliers had been removed or the decision
had been made to stop the process. The abscissa corresponds to the position of the point in the
sequence of derived flux values.
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Figure A.7: A comparison of the [O] catalogued and derived fluxes for the polar PNe. Top –
the full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The
straight line in the top and centre plots is a line with gradient one; it is there to allow a judgement
as to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other.
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Figure A.7 (continued): A comparison of the [O] catalogued and derived fluxes for the polar
PNe without the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux
scale for clarity. The straight line in the top and centre plots is a line with gradient one; it is there
to allow a judgement as to whether the catalogued flux is too large or the derived flux too small
on the one hand or the converse on the other.
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Figure A.7 (continued): The standardized residuals from regressions of the [O] catalogued
PNe fluxes against the derived fluxes for the polar PNe. Top – the sample before any outliers had
been removed; bottom – the sample after all the outliers had been removed or the decision had
been made to stop the process. The abscissa corresponds to the position of the point in the
sequence of derived flux values.
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Figure A.8: A comparison of the [O] catalogued and derived fluxes for the non-polar PNe. Top
– the full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The
straight line in the top and centre plots is a line with gradient one; it is there to allow a judgement
as to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other.
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Figure A.8 (continued): A comparison of the [O] catalogued and derived fluxes for the
non-polar PNe without the outliers. Top – the full flux range; bottom – cropped to the lower end
of the flux scale for clarity. The straight line in the top and centre plots is a line with gradient
one; it is there to allow a judgement as to whether the catalogued flux is too large or the derived
flux too small on the one hand or the converse on the other.
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Figure A.8 (continued): The standardized residuals from regressions of the [O] catalogued
PNe fluxes against the derived fluxes for the non-polar PNe. Top – the sample before any outliers
had been removed; bottom – the sample after all the outliers had been removed or the decision
had been made to stop the process. The abscissa corresponds to the position of the point in the
sequence of derived flux values.
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Figure A.9: A comparison of the [O] catalogued and derived fluxes for all the PNe. Top – the
full sample; bottom – the same cropped to the lower end of the flux scale for clarity. The straight
line in the top and centre plots is a line with gradient one; it is there to allow a judgement as
to whether the catalogued flux is too large or the derived flux too small on the one hand or the
converse on the other. PN G 355.1-06.9 has already been excluded, see §4.1.
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Figure A.9 (continued): A comparison of the [O] catalogued and derived fluxes for all the PNe
except the outliers. Top – the full flux range; bottom – cropped to the lower end of the flux scale
for clarity. The straight line in the top and centre plots is a line with gradient one; it is there to
allow a judgement as to whether the catalogued flux is too large or the derived flux too small on
the one hand or the converse on the other.
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Figure A.9 (continued): The standardized residuals from regressions of the [O] catalogued
PNe fluxes against the derived fluxes for all the PNe. Top – the sample before any outliers had
been removed; bottom – the sample after all the outliers had been removed or the decision had
been made to stop the process. The abscissa corresponds to the position of the point in the
sequence of derived flux values.
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Appendix B
The PNe Dimensions
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Table B.1: The measurements of features of those PNe in the NTT sample that were morphological classified as bilobed or multilobed when
seen through the #654 filter. The upper of each pair of angles is the polar angle and the lower angle is the equatorial angle. The length from lobe
to lobe is along or parallel to the polar axis unless otherwise stated. Likewise, the lobe width was measured along or parallel to the equatorial
axis unless otherwise stated. The thicknesses are an average of the ratios of the denser parts of the principal lobes to their extent in direction
along or parallel to those axes and the thicknesses of the central region are averages over the same axes where appropriate. The ratio of the lobe
length to the size of the PN waist at the same intensity level is also given.
PN G Class CSPN angles feature size/arcsec size/pc thickness length to Notes
/ ◦ level polar equatorial polar equatorial ratio waist ratio
000.2 – 01.9 Bc Yes 105 lobe 19.5 ± 0.7 8.7 ± 0.7 0.76 ± 0.08 0.34 ± 0.04 0.70 ± 0.05 2.3 ± 0.2
15 central 5.3 ± 0.7 7.7 ± 0.7 0.21 ± 0.03 0.30 ± 0.04 N/A
000.3 – 04.6 Bc OB 75 lobe 11.8 ± 0.7 8.5 ± 0.7 0.46 ± 0.05 0.33 ± 0.04 N/A 1.4 ± 0.1 Bow shocks. Apparent point symmetry above
the 10 percent intensity level.160 central 8.2 ± 0.7 7.1 ± 0.7 0.32 ± 0.04 0.27 ± 0.04 N/A
000.4 – 01.9 Bc OB 39 lobe 6.7 ± 0.7 4.2 ± 0.7 0.26 ± 0.04 0.16 ± 0.03 N/A 1.6 ± 0.3
137 central 3.7 ± 0.7 3.2 ± 0.7 0.14 ± 0.03 0.12 ± 0.03 N/A
000.7 – 07.4 Bc No 152 lobe 9.1 ± 0.7 7.1 ± 0.7 0.35 ± 0.04 0.28 ± 0.04 N/A 1.3 ± 0.2 The equatorial angle appears similar to the
polar angle so a projection effect was assumed
and the measurement taken at 90◦to the polar
angle. No 5 GHz radio flux available.
central 5.2 ± 0.7 6.0 ± 0.7 0.20 ± 0.03 0.23 ± 0.03 0.5 ± 0.1
000.7+03.2 Bm No 174 lobe 17.7 ± 0.7 7.4 ± 0.7 0.69 ± 0.07 0.29 ± 0.04 0.65 ± 0.04 2.4 ± 0.2 The lobes were measured at the 0.5 percent
contour level.central 3.0 ± 0.7 5.1 ± 0.7 0.12 ± 0.03 0.20 ± 0.03 N/A
001.4+05.3 Bc Yes 41 lobe 6.9 ± 0.7 5.6 ± 0.7 0.27 ± 0.04 0.22 ± 0.03 N/A 1.2 ± 0.2 Point symmetric with bow shocks. The
longest halo length is almost perpendicular to
the bow shocks. Apparent compression to the
north.
169 central 4.5 ± 0.7 4.9 ± 0.7 0.17 ± 0.03 0.19 ± 0.03 N/A
002.2 – 09.4 Bc Yes 145 lobe 10.2 ± 0.7 7.2 ± 0.7 0.40 ± 0.05 0.28 ± 0.04 N/A 1.4 ± 0.2 The longest halo length is almost perpendic-
ular to the bow shocks and there is possibly
compression to SW?
58 central 6.5 ± 0.7 6.1 ± 0.7 0.25 ± 0.04 0.24 ± 0.04 N/A
002.7 – 04.8 M3c OB 29 lobe 15.5 ± 0.7 14.7 ± 0.7 0.60 ± 0.07 0.57 ± 0.06 0.90 ± 0.04 1.15 ± 0.07 There appears to be a pair of lobes plus a third
lobe.138 central 9.5 ± 0.7 10.2 ± 0.7 0.37 ± 0.05 0.39 ± 0.05 0.5 ± 0.4
003.2 – 06.2 Bc OB 141 lobe 9.0 ± 0.7 5.0 ± 0.7 0.35 ± 0.04 0.18 ± 0.03 N/A 1.9 ± 0.3 Point Symmetric with bow shocks. The 20 %
contour had to be taken to isolate the central
area. No 5 GHz radio flux available.
73 central 2.1 ± 0.7 3.4 ± 0.7 0.08 ± 0.03 0.13 ± 0.03 N/A
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Table B.1 (continued):
PN G Class CSPN polar feature size/arcsec size/pc thickness length to Notes
angle/ ◦ level polar equatorial polar equatorial ratio waist ratio
003.6 – 02.3 Bc No 130 lobe 17.2 ± 0.7 11.9 ± 0.7 0.67 ± 0.07 0.46 ± 0.05 N/A 1.4 ± 0.1 An irregular full width dark central line.
92 central 8.6 ± 0.7 9.8 ± 0.7 0.33 ± 0.04 0.38 ± 0.05 N/A
004.3+01.8 Bc No 36 lobe 8.6 ± 0.7 3.3 ± 0.7 0.33 ± 0.04 0.13 ± 0.03 0.8 ± 0.2 4 ± 1 Lobe thickness refers to the SW lobe only.
The radial velocity of −198.2kms−1 suggests
that this might be a Halo rather than Bulge PN
but it has been retained in the sample.
126 central 1.6 ± 0.7 1.4 ± 0.7 0.06 ± 0.03 0.06 ± 0.03 N/A
005.5+06.1 Bc OB 31 lobe 17.6 ± 0.7 9.5 ± 0.7 0.68 ± 0.07 0.37 ± 0.04 0.92 ± 0.04 1.9 ± 0.1 Contour compression to SE suggests motion.
central 7.4 ± 0.7 8.4 ± 0.7 0.29 ± 0.04 0.33 ± 0.04 N/A
005.9 – 02.6 Bc No 63 lobe 33.4 ± 0.7 9.9 ± 0.7 1.3 ± 0.1 0.38 ± 0.05 0.69 ± 0.09 3.4 ± 0.2 The lobe thickness is that of the NE lobe. This
PN is referred to in Go´mez et al. (2008). Al-
though there is a very bright central portion
there is no resolved CSPN. Neither the 5 GHz
radio flux nor the radial velocity were avail-
able.
central 1.6 ± 0.7 1.5 ± 0.7 0.06 ± 0.03 0.06 ± 0.03 N/A
007.0 – 06.8 Bc OB 22 lobe 11.1 ± 0.7 4.9 ± 0.7 0.43 ± 0.05 0.19 ± 0.03 0.77 ± 0.06 2.3 ± 0.3 The lobe measurements were taken at the 0.5
percent contour level and the sum of the indi-
vidual lengths used due to the angle between
the lobes.
98 central 4.1 ± 0.7 3.7 ± 0.7 0.16 ± 0.03 0.14 ± 0.03 N/A
008.4 – 03.6 Bm Yes 150 lobe 29.7 ± 0.7 19.3 ± 0.7 1.2 ± 0.1 0.75 ± 0.08 N/A 1.65 ± 0.07 Very faint, another observation required.
58 central 11.2 ± 0.7 15.5 ± 0.7 0.44 ± 0.05 0.60 ± 0.07 N/A
009.8 – 04.6 Bc No 30 lobe 10.4 ± 0.7 7.0 ± 0.7 0.40 ± 0.05 0.27 ± 0.04 0.90 ± 0.06 1.5 ± 0.2
117 central 5.1 ± 0.7 6.1 ± 0.7 0.20 ± 0.03 0.24 ± 0.04 0.5 ± 0.3
351.2+05.2 Bc OB 116 lobe 13.4 ± 0.7 8.8 ± 0.7 0.52 ± 0.06 0.34 ± 0.04 0.89 ± 0.05 1.5 ± 0.1
35 central 5.2 ± 0.7 5.7 ± 0.7 0.20 ± 0.03 0.22 ± 0.03 N/A
351.9+09.0 Bc Yes 53 lobe 13.6 ± 0.7 10.2 ± 0.7 0.53 ± 0.06 0.40 ± 0.05 N/A 1.3 ± 0.1 Aligned stars cause measurement problems.
No 5 GHz radio flux available.172 central 7.0 ± 0.7 8.2 ± 0.7 0.27 ± 0.04 0.32 ± 0.04 0.6 ± 0.4
353.2 – 05.2 Bc No 55 lobe 17.8 ± 0.7 12.5 ± 0.7 0.69 ± 0.07 0.49 ± 0.06 0.8 ± 0.1 1.42 ± 0.09 No 5 GHz radio flux available.
125 central 7.7 ± 0.7 9.8 ± 0.7 0.30 ± 0.04 0.38 ± 0.05 0.6 ± 0.1
355.1 – 06.9 Bc Yes 20 lobe 3.4 ± 0.7 2.0 ± 0.7 0.13 ± 0.03 0.08 ± 0.03 N/A 1.7 ± 0.6 Very bright and very small.
111 central 1.6 ± 0.7 1.3 ± 0.7 0.06 ± 0.03 0.05 ± 0.03 N/A
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Table B.1 (continued):
PN G Class CSPN polar feature size/arcsec size/pc thickness length to Notes
angle/ ◦ level polar equatorial polar equatorial ratio waist ratio
357.5+03.2 Bc No 26 lobe 16.0 ± 0.7 10.6 ± 0.7 0.62 ± 0.07 0.41 ± 0.05 N/A 1.5 ± 0.1 A star to the N at the edge of the lobe makes
the lobe length suspect. The equatorial angle
is 124◦.
central 4.7 ± 0.7 8.7 ± 0.7 0.18 ± 0.03 0.34 ± 0.04 N/A
357.9 – 05.1 Bm No 40 lobe 26.7 ± 0.7 16.0 ± 0.7 1.0 ± 0.1 0.62 ± 0.07 0.78 ± 0.09 1.67 ± 0.08 The lobe thickness applies to the SW lobe
only. No 5 GHz radio flux available.111 central 11.9 ± 0.7 13.7 ± 0.7 0.46 ± 0.05 0.53 ± 0.06 N/A
358.6 – 05.5 Bc No 3 lobe 23.0 ± 0.7 15.2 ± 0.7 0.89 ± 0.09 0.59 ± 0.06 N/A 1.52 ± 0.08 The intensity levels are problematic.
102 central 14.4 ± 0.7 13.8 ± 0.7 0.56 ± 0.06 0.54 ± 0.06 0.83 ± 0.05
359.1 – 02.9 Bc No 65 lobes 9.7 ± 0.7 6.7 ± 0.7 0.38 ± 0.05 0.26 ± 0.04 N/A 1.4 ± 0.2 Stars aligned with the ends of the lobes makes
the lobe length problematic and raises the
possibility of the lobes being deconvolution
artifacts. No 5 GHz radio flux available.
150 central 7.0 ± 0.7 5.8 ± 0.7 0.27 ± 0.04 0.22 ± 0.03 N/A
359.3 – 01.8 Bc OB 54 lobe 5.3 ± 0.7 4.1 ± 0.7 0.21 ± 0.03 0.16 ± 0.03 N/A 1.3 ± 0.3 Point symmetric above the 20percent level.
134 central 4.4 ± 0.7 3.3 ± 0.7 0.17 ± 0.03 0.13 ± 0.03 N/A
359.8+03.7 Bc OB 32 lobe 5.6 ± 0.7 3.5 ± 0.7 0.22 ± 0.03 0.14 ± 0.03 N/A 1.6 ± 0.4 The lobes were measured at the 0.5% level.
138 central 1.8 ± 0.7 2.3 ± 0.7 0.07 ± 0.03 0.09 ± 0.03 N/A
359.8+05.6 Bc OB 81 lobe 5.4 ± 0.7 3.1 ± 0.7 0.21 ± 0.03 0.12 ± 0.03 N/A 1.8 ± 0.5
155 central 1.8 ± 0.7 2.2 ± 0.7 0.07 ± 0.03 0.09 ± 0.03 N/A
359.8+06.9 Bm No 170 lobe 26.6 ± 0.7 13.0 ± 0.7 1.0 ± 0.1 0.50 ± 0.06 0.8 ± 0.1 2.1 ± 0.1 A spurious arm in northern lobe was ignored.
Aligned stars caused measurement problems.85 central 10.5 ± 0.7 11.2 ± 0.7 0.41 ± 0.05 0.44 ± 0.05 N/A
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Table B.2: The measurements of features of those PNe in the HST sample that were morphological classified as bilobed or multilobed when
seen through the Hα filter. The upper of each pair of angles is the polar angle and the lower angle is the equatorial angle. The length from lobe
to lobe is along or parallel to the polar axis unless otherwise stated. Likewise, the lobe width was measured along or parallel to the equatorial
axis unless otherwise stated. The thicknesses are an average of the ratios of the denser parts of the principal lobes to their extent in direction
along or parallel to those axes and the thicknesses of the central region are averages over the same axes where appropriate. The ratio of the lobe
length to the size of the PN waist at the same intensity level is also given.
PN G Class CSPN angles feature size/arcsec size/pc thickness length to Notes
/ ◦ level polar equatorial polar equatorial ratio waist ratio
003.6+03.1 Bc Yes 27 lobe 5.39 ± 0.09 2.85 ± 0.09 0.21 ± 0.02 0.11 ± 0.01 N/A 1.89 ± 0.07 Acker 39.1 mJy.
139 central 2.72 ± 0.09 1.50 ± 0.09 0.11 ± 0.01 0.058 ± 0.007 N/A
006.4+02.0 M5c Yes 3 lobe 4.87 ± 0.09 3.02 ± 0.09 0.19 ± 0.02 0.12 ± 0.01 N/A 1.61 ± 0.06 Acker 59 mJy.
102 central 2.84 ± 0.09 1.75 ± 0.09 0.11 ± 0.01 0.068 ± 0.008 N/A
008.2+06.8 Bc Yes 70 lobe 2.13 ± 0.09 1.41 ± 0.09 0.082 ± 0.009 0.055 ± 0.007 N/A 1.5 ± 0.1 Acker 13 mJy.
153 central 1.1 ± 0.2 0.9 ± 0.2 0.04 ± 0.01 0.03 ± 0.01 N/A
351.9 – 01.9 Bc No 12 lobe 4.95 ± 0.09 2.22 ± 0.09 0.19 ± 0.02 0.086 ± 0.009 N/A 2.4 ± 0.1 No 5 GHz radio information.
103 central 1.70 ± 0.09 1.25 ± 0.09 0.066 ± 0.007 0.049 ± 0.006 N/A
354.5+03.3 Bc No 101 lobe 2.40 ± 0.09 1.21 ± 0.09 0.09 ± 0.01 0.047 ± 0.006 0.8 ± 0.2 2.0 ± 0.2 No 5 GHz radio information. Bow shocks
to E, NW and SW.28 central 0.87 ± 0.09 0.63 ± 0.09 0.034 ± 0.005 0.025 ± 0.004 N/A
355.4 – 02.4 Bc Yes 157 lobe 10.31 ± 0.09 5.54 ± 0.09 0.40 ± 0.04 0.22 ± 0.02 N/A 2.09 ± 0.04 Acker 30 mJy.
68 central 2.00 ± 0.09 2.53 ± 0.09 0.077 ± 0.009 0.10 ± 0.01 N/A
356.5 – 03.6 Bo Yes 61 lobe 10.99 ± 0.09 5.24 ± 0.09 0.43 ± 0.04 0.20 ± 0.02 N/A 2.10 ± 0.04 No 5 GHz radio information. Lobe struc-
ture measured at 5 percent of maximum
PN intensity.
156 central 3.23 ± 0.09 4.43 ± 0.09 0.13 ± 0.01 0.17 ± 0.02 N/A
356.8+03.3 Bc No 25 lobe 1.32 ± 0.09 0.78 ± 0.09 0.051 ± 0.006 0.030 ± 0.005 N/A 1.7 ± 0.2 Point Symmetric, lobes and central struc-
ture measured at 10 and 20 percent respec-
tively. Acker 3.5 mJy.
118 central 1.02 ± 0.09 0.60 ± 0.09 0.040 ± 0.005 0.023 ± 0.004 N/A
356.9+04.4 Bc Yes 44 lobe 5.92 ± 0.09 2.63 ± 0.09 0.23 ± 0.02 0.10 ± 0.01 N/A 3.1 ± 0.2 Acker 18.4 mJy. Bow shocks at ends of
lobes.central 0.42 ± 0.09 0.49 ± 0.09 0.016 ± 0.04 0.019 ± 0.04 N/A
357.1 – 04.7 Bc Yes 25 lobe 2.60 ± 0.09 1.83 ± 0.09 0.10 ± 0.01 0.071 ± 0.008 N/A 1.42 ± 0.09 Point symmetric even at 10 percent. Acker
6 mJy.75 central 1.22 ± 0.09 0.96 ± 0.09 0.047 ± 0.006 0.037 ± 0.005 N/A
358.5 – 04.2 Bc Yes 161 lobe 2.45 ± 0.09 1.70 ± 0.09 0.09 ± 0.01 0.066 ± 0.007 N/A 1.5 ± 0.1 Acker 43 mJy. A quadrupolar set of outer
lobes is present at the 0.15 percent level.central 1.19 ± 0.09 1.04 ± 0.09 0.046 ± 0.006 0.040 ± 0.005 N/A
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Table B.2 (continued):
PN G Class CSPN angles feature size/arcsec size/pc thickness length to Notes
/ ◦ level polar equatorial polar equatorial ratio waist ratio
358.9+03.4 Bc No 73 lobe 3.26 ± 0.09 2.12 ± 0.09 0.13 ± 0.01 0.082 ± 0.009 N/A 1.68 ± 0.09 Acker 26 mJy.
3 central 1.55 ± 0.09 1.16 ± 0.09 0.060 ± 0.007 0.045 ± 0.006 N/A
Table B.3: The measurements of features of those PNe in the NTT sample that were morphological classified as the remnants of bilobed or
multilobed PNe when seen through the #654 filter. The upper of each pair of angles is the polar angle and the lower angle is the equatorial
angle. The length from lobe to lobe is along or parallel to the polar axis unless otherwise stated. Likewise, the lobe width was measured along
or parallel to the equatorial axis unless otherwise stated. The thicknesses are an average of the ratios of the denser parts of the principal lobes
to their extent in direction along or parallel to those axes and the thicknesses of the central region are averages over the same axes where
appropriate. The ratio of the lobe length to the size of the PN waist at the same intensity level is also given. As only part of the system remains
the measurements relate to the remnants.
PN G Class CSPN angles feature size/arcsec size/pc thickness length to Notes
/ ◦ level polar equatorial polar equatorial ratio waist ratio
002.6+02.1 Br Yes 70 lobe 20.0 ± 0.7 9.2 ± 0.7 0.77 ± 0.08 0.36 ± 0.04 N/A 2.2 ± 0.2 Aligned stars cause the measurements to be
problematic. No 5 GHz radio flux available.164 central 9.3 ± 0.7 8.1 ± 0.7 0.36 ± 0.04 0.31 ± 0.04 N/A
004.2 – 05.9 Br No 40 lobe 14.1 ± 0.7 16.2 ± 0.7 0.55 ± 0.06 0.63 ± 0.07 N/A 0.88 ± 0.06 The measurements are problematic due to an
aligned bright star. No 5 GHz radio flux avail-
able.
126 central 9.1 ± 0.7 14.3 ± 0.7 0.35 ± 0.04 0.55 ± 0.06 N/A
357.6 – 03.3 Br Yes 35 lobe 11.9 ± 0.7 11.5 ± 0.7 0.46 ± 0.05 0.45 ± 0.05 N/A 1.06 ± 0.09 No 5 GHz radio flux available.
129 central 7.6 ± 0.7 9.8 ± 0.7 0.29 ± 0.04 0.38 ± 0.05 N/A
359.8+05.2 Br OB 83 lobe 24.8 ± 0.7 23.8 ± 0.7 1.0 ± 0.1 0.9 ± 0.1 N/A 1.36 ± 0.06 Very faint so more observations required.
Only one apparent lobe in the image. No 5
GHz radio flux available.
156 central 9.0 ± 0.7 16.2 ± 0.7 0.35 ± 0.04 0.63 ± 0.07 N/A
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Table B.4: The measurements of features of those PNe in the NTT sample that were morphological classified as Round or Elliptical
when seen through the #654 filter and for which the polar and equatorial angles can be identified. The thickness is an average of that of
the shell measured as a ratio of shell extent. The halo entry gives its size as a ratio of that of the shell both measured along the greatest halo extent.
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
000.1+02.6 Ep1.3 Yes 78 158 10.0 ± 0.7 7.7 ± 0.7 0.39 ± 0.05 0.30 ± 0.04 1.3 ± 0.1 N/A N/A Very faint. Compression
to South. Neither the 5
GHz radio flux nor the ra-
dial velocity were avail-
able.
000.1 – 02.3 Ep1 No 70 152 5.9 ± 0.7 6.4 ± 0.7 0.23 ± 0.03 0.25 ± 0.04 0.9 ± 0.1 0.7 ± 0.2 N/A No 5 GHz radio flux
available.
000.2 – 04.6 Ep0.7 OB 53 5.5 ± 0.7 8.1 ± 0.7 0.21 ± 0.03 0.32 ± 0.04 0.7 ± 0.1 N/A N/A Very faint and possibly a
bipolar remnant? No 5
GHz radio flux available.
000.3+06.9 Ep1.1 No 52 12.8 ± 0.7 11.5 ± 0.7 0.50 ± 0.06 0.45 ± 0.05 1.11 ± 0.09 N/A N/A Very faint.
000.4 – 02.9 Ep1.4 OB 174 59 6.5 ± 0.7 4.7 ± 0.7 0.25 ± 0.04 0.18 ± 0.03 1.4 ± 0.2 N/A N/A The apparent halo appears
to be a deconvolution ef-
fect due to aligned stars.
000.7 – 03.7 Ep1.4 OB 75 168 9.6 ± 0.7 7.1 ± 0.7 0.37 ± 0.05 0.28 ± 0.04 1.4 ± 0.2 0.82 ± 0.07 N/A Polar and equatorial an-
gles are reversed when
viewed using the OIII589
filter!000.9 – 04.8 Ep1.2 OB 141 54 12.3 ± 0.7 10.5 ± 0.7 0.48 ± 0.05 0.41 ± 0.05 1.2 ± 0.1 0.74 ± 0.03 N/A
001.1 – 01.6 Ep1 No 118 6.0 ± 0.7 5.5 ± 0.7 0.23 ± 0.03 0.21 ± 0.03 1.1 ± 0.2 N/A N/A Neither the 5 GHz radio
flux nor the radial veloc-
ity were available.
001.3 – 01.2 Ep1 OB 56 136 3.8 ± 0.7 4.3 ± 0.7 0.15 ± 0.03 0.17 ± 0.03 0.9 ± 0.2 1.0 ± 0.8 N/A No radial velocity avail-
able.
001.6 – 01.3 Ep1 OB 81 3.3 ± 0.7 3.6 ± 0.7 0.13 ± 0.03 0.14 ± 0.03 0.9 ± 0.3 N/A N/A Neither the 5 GHz radio
flux nor the radial veloc-
ity were available.
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Table B.4 (continued):
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
002.3+02.2 Ep1 No 143 86 8.4 ± 0.7 8.3 ± 0.7 0.33 ± 0.04 0.32 ± 0.04 1.0 ± 0.1 0.7 ± 0.1 N/A Neither the 5 GHz radio
flux nor the radial veloc-
ity were available.
002.5 – 01.7 Ep1 OB 90 174 7.2 ± 0.7 6.1 ± 0.7 0.28 ± 0.04 0.24 ± 0.04 1.2 ± 0.2 0.7 ± 0.2 N/A No 5 GHz radio flux
available.
002.8+01.8 Ep1.4 No 43 140 12.3 ± 0.7 8.8 ± 0.7 0.48 ± 0.05 0.34 ± 0.04 1.4 ± 0.1 N/A N/A No 5 GHz radio flux
available.
003.7 – 04.6 Ep1 OB 34 4.1 ± 0.7 4.3 ± 0.7 0.16 ± 0.03 0.17 ± 0.03 0.9 ± 0.2 N/A N/A Possible compression to
the NE.
003.7+07.9 Ep0.2 No 0 90 2.8 ± 0.7 11.9 ± 0.7 0.11 ± 0.03 0.46 ± 0.05 0.23 ± 0.06 N/A N/A The maximum length par-
allel to the polar axis
is 6.2 ± 0.5 arcsec and
the corresponding polar to
equatorial ratio is 0.52 ±
0.04 arcsec. It could even
be two aligned PNe so
another observation might
be of use. No 5 GHz radio
flux available.
003.8 – 04.3 Ep0.3 No 23 71 1.6 ± 0.7 5.2 ± 0.7 0.06 ± 0.03 0.20 ± 0.03 0.3 ± 0.1 N/A N/A The maximum length par-
allel to the polar axis
is 3.6 ± 0.7 arcsec and
the corresponding polar to
equatorial ratio is 0.7 ±
0.2 arcsec. Appears
bilobed in the OIII589 fil-
ter. No 5 GHz radio flux
available.
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Table B.4 (continued):
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
003.9+01.6 Ep1 No 59 152 9.3 ± 0.7 9.2 ± 0.7 0.36 ± 0.04 0.36 ± 0.04 1.0 ± 0.1 N/A N/A Very faint so the mea-
surements are unreliable
and another observation is
needed. Neither the 5
GHz radio flux nor the ra-
dial velocity were avail-
able.
003.9 – 02.3 Ep1 No 138 59 6.3 ± 0.7 5.5 ± 0.7 0.24 ± 0.04 0.21 ± 0.03 1.1 ± 0.2 0.8 ± 0.1 N/A
004.8 – 05.0 Ep1.2 No 0 102 8.9 ± 0.7 7.4 ± 0.7 0.35 ± 0.04 0.29 ± 0.04 1.2 ± 0.1 N/A N/A
005.0 – 03.9 Ep1 Yes 165 70 11.8 ± 0.7 12 ± 1 0.46 ± 0.05 0.45 ± 0.07 1.0 ± 0.1 0.64 ± 0.09 N/A Stars aligned with the
western shell cause addi-
tional uncertainty in the
equatorial measurement.
005.2+05.6 Ep1 OB 166 36 7.5 ± 0.7 6.7 ± 0.7 0.29 ± 0.04 0.26 ± 0.04 1.1 ± 0.1 0.8 ± 0.2 N/A
005.5 – 04.0 Ep1.3 No 134 69 10.4 ± 0.7 8.0 ± 0.7 0.40 ± 0.05 0.31 ± 0.04 1.3 ± 0.1 0.7 ± 0.1 N/A Possible compression to
the SW. The equatorial
angle is suspect because
of aligned stars. No 5
GHz radio flux available.
005.8 – 06.1 Ep1.3 No 63 129 6.8 ± 0.7 5.3 ± 0.7 0.26 ± 0.04 0.21 ± 0.03 1.3 ± 0.2 N/A N/A Differing 5 GHz radio
values in two different
files. The Acker cata-
logue value suggests it is
beyond the Bulge.
006.4 – 04.6 Ep1 No 75 6.9 ± 0.7 7.0 ± 0.7 0.27 ± 0.04 0.27 ± 0.04 1.0 ± 0.1 N/A N/A There is an embedded or
aligned star, and a dif-
ferent angle is obtained
if the Background sub-
tracted image is used. No
5 GHz radio flux avail-
able.
006.8+02.3 Ep1 No 148 69 2.8 ± 0.7 3.5 ± 0.7 0.11 ± 0.03 0.14 ± 0.03 0.8 ± 0.2 N/A N/A
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Table B.4 (continued):
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
007.0+06.3 Ep1 Yes 39 6.3 ± 0.7 6.4 ± 0.7 0.25 ± 0.04 0.25 ± 0.04 1.0 ± 0.1 N/A N/A Stars in the south of the
shell make the PN look
point symmetric. No 5
GHz radio flux available.
007.5+07.4 Ep1.3 Yes 90 9.5 ± 0.7 7.2 ± 0.7 0.37 ± 0.04 0.28 ± 0.04 1.3 ± 0.2 0.5 ± 0.2 1.6 ± 0.2 The halo also visible in
other bands. The star
aligned with the west-
ern shell causes additional
uncertainty in the halo
equatorial measurement
007.6+06.9 Ep1 No 54 150 6.9 ± 0.7 6.3 ± 0.7 0.27 ± 0.04 0.24 ± 0.04 1.1 ± 0.2 N/A 1.2 ± 0.1 No 5 GHz radio flux
available.
007.8 – 03.7 Ep2.2 Yes 171 78 13.6 ± 0.7 6.2 ± 0.7 0.53 ± 0.06 0.24 ± 0.04 2.2 ± 0.3 0.6 ± 0.2 1.9 ± 0.2 The western side of the
ring appears to be about
50 percent brighter than
the eastern side. The lobe
measurement was taken
at the 2 percent level to
reduce deconvolution ef-
fects. The halo measure-
ment was taken along the
equatorial angle. No 5
GHz radio flux available.009.4 – 09.8 Ep1.3 No 86 151 7.5 ± 0.7 6.0 ± 0.7 0.29 ± 0.04 0.23 ± 0.03 1.3 ± 0.2 0.7 ± 0.1 N/A
350.5 – 05.0 Ep1 No 48 150 6.9 ± 0.7 6.8 ± 0.7 0.27 ± 0.04 0.26 ± 0.04 1.0 ± 0.1 0.4 ± 0.2 N/A No 5 GHz radio flux
available.
351.6 – 06.2 Ep1 No 121 47 6.8 ± 0.7 7.8 ± 0.7 0.26 ± 0.04 0.30 ± 0.04 0.9 ± 0.1 N/A N/A The longest polar length
has been taken parallel to
the polar axis. Possible
disc. No 5 GHz radio flux
available.
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Table B.4 (continued):
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
352.1+05.1 Ep1 No 131 58 3.9 ± 0.7 3.3 ± 0.7 0.15 ± 0.03 0.13 ± 0.03 1.2 ± 0.3 0.6 ± 0.2 1.8 ± 0.4 Possibly bilobed.
353.7+06.3 Ep1 No 0 121 7.9 ± 0.7 6.7 ± 0.7 0.30 ± 0.04 0.26 ± 0.04 1.2 ± 0.2 N/A N/A
355.9 – 04.2 Ep1 Yes 106 16 4.4 ± 0.7 3.4 ± 0.7 0.17 ± 0.03 0.13 ± 0.03 1.3 ± 0.3 N/A N/A
356.3 – 06.2 Ep1 OB 67 153 9.1 ± 0.7 9.3 ± 0.7 0.35 ± 0.04 0.36 ± 0.04 1.0 ± 0.1 N/A N/A Low level bubble ignored.
No 5 GHz radio flux
available.
356.8 – 05.4 Ep1 No 175 80 11.5 ± 0.7 10.5 ± 0.7 0.44 ± 0.05 0.41 ± 0.05 1.09 ± 0.09 N/A N/A Stars aligned to the
perimeter make the polar
measurement problem-
atic. No 5 GHz radio flux
available.
357.0+02.4 Ep1 No 139 50 4.4 ± 0.7 5.1 ± 0.7 0.17 ± 0.03 0.20 ± 0.03 0.9 ± 0.2 0.6 ± 0.2 N/A Aligned star at one side.
357.1+03.6 Ep1.3 Yes 40 158 5.7 ± 0.7 4.4 ± 0.7 0.22 ± 0.03 0.17 ± 0.03 1.3 ± 0.2 N/A N/A Some compressed con-
tours in the NW shell sug-
gest motion through the
ISM.357.1+04.4 Ep1 No 70 152 8.4 ± 0.7 6.8 ± 0.7 0.33 ± 0.04 0.26 ± 0.04 1.2 ± 0.2 0.7 ± 0.3 N/A
357.9 – 03.8 Ep1 Yes 65 152 12.1 ± 0.7 12.1 ± 0.7 0.47 ± 0.05 0.47 ± 0.05 1.01 ± 0.08 N/A N/A Sizes may be ten percent
underestimates due to an
incorrect estimate of the
CSPN intensity and stars
aligned to the shell.
358.8+03.0 Ep1 No 90 16 6.0 ± 0.7 6.8 ± 0.7 0.23 ± 0.03 0.26 ± 0.04 0.9 ± 0.1 0.5 ± 0.2 N/A A foreground star con-
fuses the SW perimeter.
359.0 – 04.1 Ep1 No 40 148 5.4 ± 0.7 4.1 ± 0.7 0.21 ± 0.03 0.16 ± 0.03 1.3 ± 0.3 N/A N/A No 5 GHz radio flux
available.
359.6 – 04.8 Ep1 No 68 153 14.5 ± 0.7 13.8 ± 0.7 0.56 ± 0.06 0.53 ± 0.06 1.05 ± 0.07 N/A N/A Possibly an old bipolar.
No 5 GHz radio flux
available.
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Table B.4 (continued):
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
359.7 – 01.8 Ep1 Yes 129 56 6.7 ± 0.7 6.6 ± 0.7 0.26 ± 0.04 0.26 ± 0.04 1.0 ± 0.1 N/A N/A The polar alignment
has been taken from the
OIII589 image. The
peripheral objects, except
possibly the one due north
of the CSPN, appear to
be stars when comparing
with the other images.
359.9 – 04.5 Ep1 Yes 137 56 3.1 ± 0.7 2.7 ± 0.7 0.12 ± 0.03 0.10 ± 0.03 1.2 ± 0.4 N/A N/A
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Table B.5: The measurements of features of those PNe in the HST sample that were morphological classified as Round or Elliptical when seen
through the Hα filter and for which the polar and equatorial angles can be identified. The thickness is an average of that of the shell measured
as a ratio of shell extent. The halo entry gives its size as a ratio of that of the shell both measured along the greatest halo extent.
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
001.2+02.1 Ep1.2 Yes 12 103 3.48 ± 0.09 2.87 ± 0.09 0.14 ± 0.01 0.11 ± 0.01 1.22 ± 0.05 0.46 ± 0.04 1.28 ± 0.04 Acker 5 GHz radio
flux 26 mJy.
001.7 – 04.4 Ep1.2 Yes 84 156 2.39 ± 0.09 1.91 ± 0.09 0.09 ± 0.01 0.074 ± 0.008 1.25 ± 0.08 N/A 1.48 ± 0.07 Acker 5 GHz radio
flux 5.3 mJy.
002.3 – 03.4 Ep0.6 Yes 163 72 3.14 ± 0.09 4.88 ± 0.09 0.12 ± 0.01 0.19 ± 0.02 0.64 ± 0.02 N/A N/A No 5 GHz radio flux
available.
002.8+01.7 Ep1.5 Yes 9 108 3.71 ± 0.09 2.47 ± 0.09 0.14 ± 0.02 0.10 ± 0.01 1.50 ± 0.07 N/A N/A No 5 GHz radio flux
available.
002.9 – 03.9 Ep1.1 Yes 15 122 4.56 ± 0.09 4.10 ± 0.09 0.18 ± 0.02 0.16 ± 0.02 1.11 ± 0.03 N/A N/A Extrusion at 65◦. No
5 GHz radio flux avail-
able.
003.1+03.4 Ep1.3 Yes 157 72 3.82 ± 0.09 3.03 ± 0.09 0.15 ± 0.02 0.12 ± 0.01 1.26 ± 0.05 N/A N/A Acker 5 GHz radio
flux 9.6 mJy.
003.9 – 03.1 Ep1 No 105 35 6.99 ± 0.09 6.94 ± 0.09 0.27 ± 0.03 0.27 ± 0.03 1.01 ± 0.02 N/A N/A Acker 5 GHz radio
flux 1.9 mJy but
highly evolved, the
measured outer ring
is likely a previous
ejection. There is a
low fill factor so OK.
004.0 – 03.0 Ep0.8 Yes 82 176 3.29 ± 0.09 3.95 ± 0.09 0.13 ± 0.01 0.15 ± 0.02 0.83 ± 0.03 N/A 2.12 ± 0.07 Acker 5 GHz radio
flux 8 mJy.
006.1+08.3 Ep1.2 No 90 2 2.39 ± 0.09 1.92 ± 0.09 0.09 ± 0.01 0.075 ± 0.008 1.24 ± 0.08 N/A 1.38 ± 0.07 Acker 5 GHz radio
flux 51 mJy.
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Table B.5 (continued):
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
006.3+04.4 Ep1.4 Yes 116 4.73 ± 0.09 3.48 ± 0.09 0.18 ± 0.02 0.14 ± 0.01 1.36 ± 0.04 N/A 1.24 ± 0.03 Very uncertain mor-
phology, could be
bipolar. Decision
taken on halo shape.
Acker 5 GHz radio
flux 11 mJy.
351.1+04.8 Ep1.2 Yes 159 68 3.13 ± 0.09 2.62 ± 0.09 0.12 ± 0.01 0.10 ± 0.01 1.19 ± 0.05 N/A 1.57 ± 0.06 Acker 5 GHz radio
flux 51 mJy.
352.6+03.0 Ep1.4 Yes 178 76 3.48 ± 0.09 2.50 ± 0.09 0.13 ± 0.01 0.10 ± 0.01 1.39 ± 0.06 N/A 1.62 ± 0.06 No 5 GHz radio flux
available.
354.9+03.5 Ep1.0 Yes 99 8 3.45 ± 0.09 3.62 ± 0.09 0.13 ± 0.01 0.14 ± 0.01 0.95 ± 0.04 N/A 1.41 ± 0.04 No 5 GHz radio flux
available.
356.1 – 03.3 Ep0.9 Poss 138 4.03 ± 0.09 4.34 ± 0.09 0.16 ± 0.02 0.17 ± 0.02 0.93 ± 0.03 N/A 1.56 ± 0.05 Very faint. No 5 GHz
radio flux available.
358.5+02.9 Ep0.6 Yes 30 120 1.81 ± 0.09 2.89 ± 0.09 0.070 ± 0.008 0.11 ± 0.01 0.62 ± 0.04 N/A N/A Very faint. No 5 GHz
radio flux available.
358.7+05.2 Ep1.3 Yes 82 175 2.88 ± 0.09 2.31 ± 0.09 0.11 ± 0.02 0.09 ± 0.01 1.25 ± 0.06 0.56 ± 0.04 1.16 ± 0.05 Acker 5 GHz radio
flux 15.1 mJy.
359.2+04.7 Ep1.1 Yes 164 88 1.79 ± 0.09 1.59 ± 0.09 0.070 ± 0.008 0.062 ± 0.007 1.13 ± 0.09 N/A N/A Acker 5 GHz radio
flux 4 mJy.
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Table B.6: The measurements of features of those PNe in the NTT sample that were morphological classified as Round or Elliptical when seen
through the #654 filter but for which neither a polar nor equatorial axis could be determined. The thickness is an average of that of the shell
with respect to its interior measured as a ratio of shell extent. The halo entry gives its size as a ratio of that of the shell both measured along the
greatest halo extent.
PN G Class CSPN major axis diameter/arcsec diameter/pc major to shell halo Notes
angle/ ◦ major axis minor axis major axis minor axis minor ratio thickness ratio
000.1+04.3 En1 No 105 2.6 ± 0.7 2.4 ± 0.7 0.10 ± 0.03 0.09 ± 0.03 1.1 ± 0.4 N/A N/A
000.7 – 02.7 En1 NK 133 3.1 ± 0.7 2.8 ± 0.7 0.12 ± 0.03 0.11 ± 0.03 1.1 ± 0.4 N/A N/A No 5 GHz radio flux available.
000.9 – 02.0 En1 OB 19 4.0 ± 0.7 3.7 ± 0.7 0.15 ± 0.03 0.14 ± 0.03 1.1 ± 0.3 N/A N/A An aligned star causes the panhan-
dle effect.
001.2 – 03.0 En1 OB 155 2.6 ± 0.7 2.2 ± 0.7 0.10 ± 0.03 0.08 ± 0.03 1.2 ± 0.5 N/A N/A
001.7+05.7 En1.5 No 116 9.1 ± 0.7 6.0 ± 0.7 0.35 ± 0.04 0.23 ± 0.03 1.5 ± 0.2 N/A N/A
002.0 – 06.2 En1 Yes 145 4.7 ± 0.7 3.7 ± 0.7 0.18 ± 0.03 0.15 ± 0.03 1.3 ± 0.3 N/A N/A
002.1 – 02.2 En1 OB 117 3.9 ± 0.7 2.9 ± 0.7 0.15 ± 0.03 0.11 ± 0.03 1.4 ± 0.4 N/A N/A
002.1 – 04.2 En1 OB 167 1.5 ± 0.7 1.4 ± 0.7 0.06 ± 0.03 0.05 ± 0.03 1.1 ± 0.7 N/A N/A
004.2 – 04.3 En1 No 114 5.2 ± 0.7 4.4 ± 0.7 0.20 ± 0.03 0.17 ± 0.03 1.2 ± 0.2 N/A N/A Aligned star. No 5 GHz radio flux
available.
004.2 – 03.2 En1.3 OB 51 7.2 ± 0.7 5.6 ± 0.7 0.28 ± 0.04 0.22 ± 0.03 1.3 ± 0.2 N/A 1.4 ± 0.2 Compressed contours at both ends
of major axis
004.6+06.0 En1 OB 71 5.0 ± 0.7 4.3 ± 0.7 0.19 ± 0.03 0.16 ± 0.03 1.2 ± 0.2 N/A N/A There appears to be some compres-
sion to the SW.
006.3+03.3 En1 OB 32 7.7 ± 0.7 6.4 ± 0.7 0.30 ± 0.04 0.25 ± 0.04 1.2 ± 0.2 N/A N/A Very faint. No 5 GHz radio flux
available.
006.8 – 03.4 En1 OB 171 4.0 ± 0.7 2.8 ± 0.7 0.15 ± 0.03 0.11 ± 0.03 1.4 ± 0.4 N/A N/A No 5 GHz radio flux available.
007.8 – 04.4 En1 OB 111 2.0 ± 0.7 1.9 ± 0.7 0.08 ± 0.03 0.07 ± 0.03 1.0 ± 0.5 N/A N/A
352.0 – 04.6 En2.1 Yes 155 4.5 ± 0.7 2.2 ± 0.7 0.17 ± 0.03 0.08 ± 0.03 2.1 ± 0.7 N/A N/A Possible compression to WSW. No
5 GHz radio flux available.
353.3+06.3 En1 Yes 33 2.6 ± 0.7 1.8 ± 0.7 0.10 ± 0.03 0.07 ± 0.03 1.5 ± 0.7 N/A N/A
355.6 – 02.7 En1 Yes 90 1.6 ± 0.7 1.3 ± 0.7 0.06 ± 0.03 0.05 ± 0.03 1.2 ± 0.8 N/A 1.4 ± 0.8
357.3+04.0 En1 No 68 5.1 ± 0.7 4.0 ± 0.7 0.20 ± 0.03 0.16 ± 0.03 1.3 ± 0.3 N/A N/A
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Table B.6 (continued):
PN G Class CSPN major axis diameter/arcsec diameter/pc major to shell halo Notes
angle/ ◦ major axis minor axis major axis minor axis minor ratio thickness ratio
357.5+03.1 En1 Yes 72 4.9 ± 0.7 3.7 ± 0.7 0.19 ± 0.03 0.14 ± 0.03 1.3 ± 0.3 N/A N/A Two stars aligned with centre so
contours are poor. Neither the 5
GHz radio flux nor the radial veloc-
ity were available.
358.0+09.3 En1.2 OB 16 10.9 ± 0.7 8.8 ± 0.7 0.42 ± 0.05 0.34 ± 0.04 1.2 ± 0.1 N/A N/A A hint of lobes when using filter
OIII589. No 5 GHz radio flux avail-
able.358.2+03.5 En1 OB 69 3.1 ± 0.7 2.2 ± 0.7 0.12 ± 0.03 0.09 ± 0.03 1.4 ± 0.5 N/A N/A
358.2+04.2 En1 No 150 3.4 ± 0.7 3.1 ± 0.7 0.13 ± 0.03 0.12 ± 0.03 1.1 ± 0.3 N/A N/A An aligned bright star causes both
the angle and the EW length to be
problematic.
358.6+07.8 En1 OB 127 4.5 ± 0.7 3.8 ± 0.7 0.17 ± 0.03 0.15 ± 0.03 1.2 ± 0.3 N/A 1.5 ± 0.3
359.8+02.4 En1 OB 9 2.1 ± 0.7 1.7 ± 0.7 0.08 ± 0.03 0.07 ± 0.03 1.2 ± 0.6 N/A 1.7 ± 0.7 No 5 GHz radio flux available.
359.8 – 07.2 En1 OB 124 3.6 ± 0.7 3.2 ± 0.7 0.14 ± 0.03 0.12 ± 0.03 1.1 ± 0.3 N/A N/A No 5 GHz radio flux available.
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Table B.7: The measurements of features of those PNe in the HST sample that were morphological classified as Round or Elliptical when seen
through the Hα filter but for which neither a polar nor equatorial axis could be determined. The thickness is an average of that of the shell with
respect to its interior measured as a ratio of shell extent. The halo entry gives its size as a ratio of that of the shell both measured along the
greatest halo extent.
PN G Class CSPN major axis diameter/arcsec diameter/pc major to shell halo Notes
angle/ ◦ major axis minor axis major axis minor axis minor ratio thickness ratio
004.1 – 03.8 En1.1 No 6 1.90 ± 0.09 1.68 ± 0.09 0.074 ± 0.008 0.065 ± 0.007 1.13 ± 0.08 N/A 1.43 ± 0.08 Acker 5 GHz radio flux 2.5
mJy.
004.8+02.0 En1.1 Yes 35 3.69 ± 0.09 3.25 ± 0.09 0.14 ± 0.01 0.13 ± 0.01 1.13 ± 0.04 N/A N/A Acker 5 GHz radio flux 3.5
mJy.
007.5+04.3 En1.2 Yes 119 0.33 ± 0.09 0.29 ± 0.09 0.013 ± 0.004 0.011 ± 0.004 1.16 ± 05 N/A 2.4 ± 0.8 Small, star like, no Acker 5
GHz radio flux.
008.6 – 02.6 En1.4 Yes 162 3.25 ± 0.09 2.32 ± 0.09 0.13 ± 0.01 0.09 ± 0.01 1.40 ± 0.07 N/A 1.35 ± 0.05 No Acker 5 GHz radio flux.
355.9+03.6 En1 Yes 77 0.69 ± 0.09 0.57 ± 0.09 0.027 ± 0.004 0.022 ± 0.004 1.2 ± 0.3 N/A 1.8 ± 0.3 Acker 5 GHz radio flux 25
mJy.
357.2+02.0 En1 No 90 3.46 ± 0.09 3.42 ± 0.09 0.13 ± 0.01 0.13 ± 0.01 1.01 ± 0.04 0.41 ± 0.04 1.20 ± 0.04 No 5 GHz radio flux avail-
able.
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Table B.8: A comparison of the measurements of PNe for which both NTT and HST observations were available. The observations were made
through the Hα filter. The first part of the table shows the measurements for the bipolar PNe. The upper of each pair of angles is the polar angle
and the lower angle is the equatorial angle. The length from lobe to lobe is along or parallel to the polar axis unless otherwise stated. Likewise,
the lobe width was measured along or parallel to the equatorial axis unless otherwise stated. The thicknesses are an average of the ratios of
the denser parts of the principal lobes to their extent in direction along or parallel to those axes and the thicknesses of the central region are
averages over the same axes where appropriate. The ratio of the lobe length to the size of the PN waist at the same intensity level is also given.
PN G 008.2+06.8 was classified as elliptical from the NTT observation and the measurements obtained from that observation are shown in the
second part of the table. The NTT images were deconvolved prior to measurement whereas the HST images were not deconvolved.
PN G Class CSPN angles feature size/arcsec size/pc thickness length to Notes
/ ◦ level polar equatorial polar equatorial ratio waist ratio
008.2+06.8 Bc Yes 70 lobe 2.13 ± 0.09 1.41 ± 0.09 0.082 ± 0.009 0.055 ± 0.007 N/A 1.5 ± 0.1 HST observation.
153 central 1.1 ± 0.2 0.9 ± 0.2 0.04 ± 0.01 0.03 ± 0.01 N/A
355.4 – 02.4 Bc No 155 lobe 11.0 ± 0.7 6.0 ± 0.7 0.43 ± 0.05 0.23 ± 0.03 0.8 ± 0.1 2.0 ± 0.3 NTT observation.
68 central 3.3 ± 0.7 3.2 ± 0.7 0.13 ± 0.03 0.12 ± 0.03 N/A
355.4 – 02.4 Bc Yes 157 lobe 10.31 ± 0.09 5.54 ± 0.09 0.40 ± 0.04 0.22 ± 0.02 N/A 2.09 ± 0.04 HST observation.
68 central 2.00 ± 0.09 2.53 ± 0.09 0.077 ± 0.009 0.10 ± 0.01 N/A
Table B.8 (continued): This second part of the table gives the measurements of features of those PNe that were morphological classified as
Round or Elliptical and for which the polar and equatorial angles can be identified. The thickness is an average of that of the shell measured as
a ratio of shell extent. The halo entry gives its size as a ratio of that of the shell both measured along the greatest halo extent.
PN G Class CSPN polar equatorial axial diameter/arcsec axial diameter/pc polar to shell halo Notes
angle/◦ angle/◦ polar equatorial polar equatorial equatorial ratio thickness ratio
002.3 – 03.4 Ep0.5 OB 76 2.9 ± 0.7 5.8 ± 0.7 0.11 ± 0.03 0.22 ± 0.03 0.5 ± 0.1 N/A N/A NTT observation.
002.3 – 03.4 Ep0.6 Yes 163 72 3.14 ± 0.09 4.88 ± 0.09 0.12 ± 0.01 0.19 ± 0.02 0.64 ± 0.02 N/A N/A HST observation.
008.2+06.8 Ep1 Yes 143 2.2 ± 0.7 2.5 ± 0.7 0.08 ± 0.03 0.10 ± 0.03 0.9 ± 0.4 0.7 ± 0.3 N/A NTT observation.
351.1+04.8 Ep1 Yes 153 45 3.5 ± 0.7 2.9 ± 0.7 0.13 ± 0.03 0.11 ± 0.03 1.2 ± 0.4 N/A N/A NTT observation.
351.1+04.8 Ep1.2 Yes 159 68 3.13 ± 0.09 2.62 ± 0.09 0.12 ± 0.01 0.10 ± 0.01 1.19 ± 0.05 N/A 1.57 ± 0.06 HST observation.
356.1 – 03.3 Ep1 No 48 134 5.2 ± 0.7 4.9 ± 0.7 0.20 ± 0.03 0.19 ± 0.03 1.1 ± 0.2 N/A N/A NTT observation.
356.1 – 03.3 Ep0.9 Poss 138 4.03 ± 0.09 4.34 ± 0.09 0.16 ± 0.02 0.17 ± 0.02 0.93 ± 0.03 N/A 1.56 ± 0.05 HST observation.
Very faint.
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Appendix C
The PNe Contour Plots
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C: THE PNE CONTOUR PLOTS
PN G 000.1+02.6 PN G 000.1-02.3
PN G 000.1+04.3
PN G 000.2-04.6 PN G 000.3-04.6
Figure C.1: The deconvolved images of the PNe observed using the NTT in negative form each
overlaid with its contour plot.
256 THE MORPHOLOGY OF PLANETARY NEBULAE
PN G 000.3+06.9
PN G 000.4-01.9
PN G 000.4-02.9 PN G 000.7-02.7
PN G 000.7-03.7 PN G 000.7-07.4
Figure C.1 (continued):
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C: THE PNE CONTOUR PLOTS
PN G 000.7+03.2 PN G 000.9-02.0
PN G 000.9-04.8 PN G 001.1-01.6
PN G 001.2-03.0 PN G 001.3-01.2
Figure C.1 (continued):
258 THE MORPHOLOGY OF PLANETARY NEBULAE
PN G 001.4+05.3 PN G 001.6-01.3
PN G 002.0-06.2
PN G 002.1-02.2 PN G 002.1-04.2
Figure C.1 (continued):
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C: THE PNE CONTOUR PLOTS
PN G 002.2-09.4 PN G 002.3+02.2
PN G 002.5-01.7 PN G 002.6+02.1
PN G 002.7-04.8 PN G 002.8+01.8
Figure C.1 (continued):
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PN G 003.2-06.2 PN G 003.6-02.3
PN G 003.7-04.6 PN G 003.7+07.9
PN G 003.8-04.3 PN G 003.9+01.6
Figure C.1 (continued):
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C: THE PNE CONTOUR PLOTS
PN G 003.9-02.3 PN G 004.2-04.3
PN G 004.2-03.2 PN G 004.2-05.9
PN G 004.3+01.8 PN G 004.6+06.0
Figure C.1 (continued):
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PN G 004.8-05.0 PN G 005.0-03.9
PN G 005.5+06.1
PN G 005.5-04.0 PN G 005.8-06.1
Figure C.1 (continued):
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C: THE PNE CONTOUR PLOTS
PN G 005.9-02.6 PN G 006.3+03.3
PN G 006.4-04.6 PN G 006.8+02.3
PN G 006.8-03.4 PN G 007.0-06.8
Figure C.1 (continued):
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PN G 007.0+06.3 PN G 007.5+07.4
PN G 007.6+06.9 PN G 007.8-03.7
PN G 007.8-04.4 PN G 008.4-03.6
Figure C.1 (continued):
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C: THE PNE CONTOUR PLOTS
PN G 009.4-09.8 PN G 009.8-04.6
PN G 350.5-05.0 PN G 351.2+05.2
PN G 351.6-06.2 PN G 351.9+09.0
Figure C.1 (continued):
266 THE MORPHOLOGY OF PLANETARY NEBULAE
PN G 352.0-04.6 PN G 352.1+05.1
PN G 353.2-05.2 PN G 353.3+06.3
PN G 353.7+06.3 PN G 355.1-06.9
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Figure C.2: The images of the PNe observed using the HST in negative form each overlaid with
its contour plot.
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Figure C.3: A comparison of the contour plots of those PNe observed using both the HST and
NTT. The NTT observations are on the right; they are aligned with North to the top and East to
the left, and the tick marks on their axes are at 5 arcsec intervals. The HST observations, which
are on the left, were not deconvolved.
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Appendix D
The Velocities
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Table D.1: The Radial Velocities of the PNe. The data has been obtained from Durand et al.
(1998); Malaroda et al. (2006); Beaulieu et al. (1999) and Acker et al. (1992a), and we have not
adjusted it to its uncertainties.
bipolar polar non-polar
PNG Vrad PNG Vrad PNG Vrad
km s−1 km s−1 km s−1
000.2 – 01.9 -61.2±12 000.1 – 02.3 -109±40 000.1+04.3 55.6±7.3
000.3 – 04.6 -29.9±8.7 000.2 – 04.6 121.4±14 000.7 – 02.7 -164.5±2
000.4 – 01.9 58.7±15 000.3+06.9 5.8±14.6 000.9 – 02.0 246±35.8
000.7+03.2 -175.1±8 000.4 – 02.9 141.7±15 001.2 – 03.0 107.5±3.1
000.7 – 07.4 10.2±6.1 000.7 – 03.7 -56.2±4.9 001.7+05.7 60.3±4.1
001.4+05.3 33±4.8 000.9 – 04.8 -153±0.8 002.0 – 06.2 -126±2
002.2 – 09.4 -30.9±3.9 001.2+02.1 -172.4±3.1 002.1 – 02.2 24.3±2
002.6+02.1 237.2±6.8 001.7 – 04.4 -35.6±32.6 002.1 – 04.2 -137.4±13
002.7 – 04.8 -86.5±0.2 002.3 – 03.4 -156.8±14 004.1 – 03.8 -39.2±31.2
003.2 – 06.2 73±2 002.5 – 01.7 155±40 004.2 – 03.2 -128.2±19.1
003.6+03.1 -48.2±3.7 002.8+01.7 164.1±8.8 004.2 – 04.3 24.4±8.6
003.6 – 02.3 -52.9±6.9 002.8+01.8 -32.6±3.8 004.6+06.0 158.1±1.1
004.2 – 05.9 59.1±4.7 002.9 – 03.9 36.6±14 004.8+02.0 16.2±8.1
004.3+01.8 -198.2±4.1 003.1+03.4 85.4±4.1 006.3+03.3 -3±40
005.5+06.1 -2.1±13.4 003.7+07.9 26.3±39.1 006.8 – 03.4 91.1±14
006.4+02.0 68.8±1.8 003.7 – 04.6 154.9±2.9 007.5+04.3 -110.6±7.8
007.0 – 06.8 107.7±13.3 003.8 – 04.3 7±40 007.8 – 04.4 122.4±12.7
008.2+06.8 21.7±0.2 003.9 – 02.3 67.9±1.6 008.6 – 02.6 -89±40
008.4 – 03.6 82.6±4.7 003.9 – 03.1 -91±15 352.0 – 04.6 -12.9±6.7
009.8 – 04.6 -8.3±10.4 004.0 – 03.0 -112.2±2.6 353.3+06.3 -127.4±1.7
351.2+05.2 -123.4±10.2 004.8 – 05.0 -9.8±10.3 355.6 – 02.7 -220±4.8
351.9+09.0 -75.1±2 005.0 – 03.9 -118.7±14 355.9+03.6 -157.6±1.1
351.9 – 01.9 -152.3±4.1 005.2+05.6 16.5±1.2 357.2+02.0 -133.7±9.5
353.2 – 05.2 -151± 005.5 – 04.0 -56.9±14 357.3+04.0 76±15
354.5+03.3 -165±15 005.8 – 06.1 69.6±0.4 358.0+09.3 -17.2±24.7
355.1 – 06.9 -66.9±1.8 006.1+08.3 59.9±0.4 358.2+03.5 44.1±10.2
355.4 – 02.4 -82.3±1.8 006.3+04.4 -113.4±14 358.2+04.2 76.6±9.1
356.5 – 03.6 -31.3±15.1 006.4 – 04.6 32.4±4.3 358.6+07.8 1.4±2.5
356.8+03.3 185.4±30 006.8+02.3 12±40 359.8+02.4 72±40
356.9+04.4 -171.1±10.6 007.0+06.3 -26.3±13.3 359.8 – 07.2 -54.3±2
357.1 – 04.7 49±13.8 007.5+07.4 -1.4±2
357.5+03.2 -267.2±14 007.6+06.9 -73.5±10.3
357.6 – 03.3 107±18.7 007.8 – 03.7 66.7±9.4
357.9 – 05.1 10.5±10.3 009.4 – 09.8 58.4±1.8
358.5 – 04.2 -44.3±0.2 350.5 – 05.0 -44.2±4.7
358.6 – 05.5 31.8±14.1 351.1+04.8 -55.2±0.4
358.9+03.4 23.4±6.4 351.6 – 06.2 -22.3±1.8
359.1 – 02.9 -71±40 352.1+05.1 25.1±1
359.3 – 01.8 -99.2±4.4 352.6+03.0 -116±40
359.8+03.7 -92.7±3.7 353.7+06.3 -60.2±11.9
359.8+05.2 -34.4±14.6 354.9+03.5 -73.1±14
359.8+05.6 63.4±10.3 355.9 – 04.2 -120.1±1.7
359.8+06.9 -74.2±10.2 356.1 – 03.3 -156.9±3.6
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Table D.1 (continued): The radial velocities of the polar PNe (continued).
polar
PNG Vrad
km s−1
356.3 – 06.2 -50.1±4.7
356.8 – 05.4 -195.5±4.7
357.0+02.4 12.7±15
357.1+03.6 -193.6±4.8
357.1+04.4 52±15
357.9 – 03.8 -32±15
358.7+05.2 32.8±12.1
358.8+03.0 197.4±5.2
359.0 – 04.1 -12±4.7
359.2+04.7 -239.2±14
359.6 – 04.8 -119.7±31.2
359.7 – 01.8 28.3±4.6
359.9 – 04.5 144.8±0.2
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Table D.2: The expansion velocities of the PNe.
bipolar polar non-polar
PNG Vexp PNG Vexp PNG Vexp
km s−1 km s−1 km s−1
002.7 – 04.8 13 000.9 – 04.8 24 002.0 – 06.2 12
003.2 – 06.2 22 001.2+02.1 12 002.1 – 02.2 32
003.6+03.1 16 001.7 – 04.4 26 004.1 – 03.8 22
006.4+02.0 19 002.3 – 03.4 29 004.2 – 04.3 21
008.2+06.8 12 002.8+01.7 29 004.6+06.0 24
351.9+09.0 29 002.9 – 03.9 39 004.8+02.0 18
351.9 – 01.9 13 003.1+03.4 24 007.5+04.3 51
354.5+03.3 19 003.7 – 04.6 26 008.6 – 02.6 28
355.1 – 06.9 18 003.9 – 02.3 25 353.3+06.3 22
355.4 – 02.4 20 004.0 – 03.0 12 355.9+03.6 21
356.5 – 03.6 25 005.2+05.6 30 357.2+02.0 8
356.8+03.3 9 005.8 – 06.1 27 359.8 – 07.2 29
356.9+04.4 9 006.1+08.3 16
357.1 – 04.7 27 006.3+04.4 46
358.5 – 04.2 14 009.4 – 09.8 23
358.9+03.4 17 351.1+04.8 23
352.1+05.1 14
352.6+03.0 23
354.9+03.5 16
355.9 – 04.2 22
356.1 – 03.3 20
357.1+03.6 23
358.5+02.9 28
358.7+05.2 22
359.2+04.7 15
359.9 – 04.5 26
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Appendix E
The Binarity of the Central Stars of the
Bulge PNe
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Table E.1: The information on binarity available in the literature for the Bulge PNe in the sample. The information is from Miszalski, Acker,
Moffat, Parker, and Udalski (2009a,b) unless otherwise stated.
PNG Morphology Name Remarks on CSPN from Miszalski, Acker, Moffat, Parker, and Udalski
(2009a,b)
Other Remarks
000.2 – 01.9 bipolar M 2-19 A single candidate close to the geometric centre of the PN or a blue
candidate; binary, periodic variable with a period of 0.670170 days.
The average OGLE-III I-band magnitude is given as 15.9 Images and
a phased light curve are also shown in Figure 7 of Miszalski, Acker,
Moffat, Parker, and Udalski (2009a).
Both an Hα + [NII] and a Spitzer IRAC im-
age are shown in Figure 1 of Miszalski, Acker,
Parker, and Moffat (2009c) who state that the
PN is a canonical bipolar with an equatorial ring
and a non eclipsing binary CSPN. Their Figure 3
shows a Gemini GMOS image of the PN. See
also, de Marco (2009).
000.3 – 04.6 bipolar M 2-28
000.4 – 01.9 bipolar M 2-20 A single candidate close to the geometric centre of the PN or a blue
candidate; suspicious due to spurious light curve.
002.2 – 09.4 bipolar Cn 1-5 CSPN: WO4pec Miszalski, Acker, Parker, and
Moffat (2009c)
003.6 – 02.3 bipolar M 2-26 A number of candidates close to the geometric centre of the PN.
003.6+03.1 bipolar M 2-14
004.2 – 05.9 bipolar M 2-37 A number of candidates close to the geometric centre of the PN.
006.4+02.0 bipolar M 1-31
353.2 – 05.2 bipolar H 1-38 A number of candidates close to the geometric centre of the PN.
355.4 – 02.4 bipolar M 3-14
356.5 – 03.6 bipolar H 2-27 A number of candidates close to the geometric centre of the PN.
357.1 – 04.7 bipolar H 1-43 A single candidate close to the geometric centre of the PN or a blue
candidate.
357.6 – 03.3 bipolar H 2-29 A single candidate close to the geometric centre of the PN or a blue can-
didate; possible faint blue CSPN; binary (periodic variable), eclipsing
with a period of 0.244110 days and possibly irradiated. The average
OGLE-III I-band magnitude is given as 18.1. Images and a phased light
curve are also shown in Figure 7 of Miszalski, Acker, Moffat, Parker,
and Udalski (2009a).
Miszalski, Acker, Parker, and Moffat (2009c)
state that the PN is a canonical bipolar with an
equatorial ring and an eclipsing binary CSPN and
that low-ionization knots or filaments are present.
Their Figure 3 shows a Gemini GMOS image of
the PN. See also, de Marco (2009).
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Table E.1 (continued):
PNG Morphology Name Remarks on CSPN from Miszalski, Acker, Moffat, Parker, and Udalski
(2009a,b)
Other Remarks
357.9 – 05.1 bipolar M 1-34 A number of candidates close to the geometric centre of the PN; sus-
pected eclipsing binary (aperiodic variable). The average OGLE-III I-
band magnitude is given as 16.8. Images and a phased light curve are
also shown in Figure 8 of Miszalski, Acker, Moffat, Parker, and Udalski
(2009a).
de Marco (2009) does not consider the CSPN to
be a binary star.
358.5 – 04.2 bipolar H 1-46
358.6 – 05.5 bipolar M 3-51 A number of candidates close to the geometric centre of the PN.
359.1 – 02.9 bipolar M 3-46
359.3 – 01.8 bipolar M 3-44 A single candidate close to the geometric centre of the PN or a blue
candidate.
359.8+05.6 bipolar M 2-12 A single candidate close to the geometric centre of the PN or a blue
candidate.
000.1+02.6 polar Al 2-J A number of candidates close to the geometric centre of the PN.
000.2 – 04.6 polar Sa 3-117 A number of candidates but not known to be close to the geometric
centre of the PN.
000.4 – 02.9 polar M 3-19 A single candidate close to the geometric centre of the PN or a blue
candidate.
000.7 – 03.7 polar M 3-22 A single candidate close to the geometric centre of the PN or a blue
candidate.
000.9 – 04.8 polar M 3-23 A number of candidates close to the geometric centre of the PN.
001.7 – 04.4 polar H 1-55
002.3 – 03.4 polar H 2-37 A single candidate close to the geometric centre of the PN or a blue
candidate.
002.5 – 01.7 polar Pe 2-11 A single candidate close to the geometric centre of the PN or a blue
candidate.
003.9 – 03.1 polar KFL 7
004.0 – 03.0 polar M 2-29 Claimed not to be a PN and to be a possible symbiotic star, see para-
graph 3.5.1 page 6 and Table 1 of Miszalski, Acker, Moffat, Parker, and
Udalski (2009a).
Miszalski, Mikołajewska, Ko¨ppen, Rauch,
Acker, Cohen, Frew, Moffat, Parker, Jones, and
Udalski (2011) found it to be a Bulge PN but
found no direct evidence for binarity.
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Table E.1 (continued):
PNG Morphology Name Remarks on CSPN from Miszalski, Acker, Moffat, Parker, and Udalski
(2009a,b)
Other Remarks
005.0 – 03.9 polar H 2-42 A number of candidates close to the geometric centre of the PN.
005.5 – 04.0 polar H 2-44 A number of candidates close to the geometric centre of the PN.
352.1+05.1 polar M 2-8 A single candidate close to the geometric centre of the PN or a blue
candidate.
355.9 – 04.2 polar M 1-30
356.1 – 03.3 polar H 2-26 A number of candidates close to the geometric centre of the PN.
356.8 – 05.4 polar H 2-35 A number of candidates close to the geometric centre of the PN.
357.9 – 03.8 polar H 2-30 A single candidate close to the geometric centre of the PN or a blue
candidate.
359.0 – 04.1 polar M 3-48
359.6 – 04.8 polar H 2-36 A number of candidates close to the geometric centre of the PN.
359.7 – 01.8 polar M 3-45 A single candidate close to the geometric centre of the PN or a blue
candidate.
359.9 – 04.5 polar M 2-27 A single candidate close to the geometric centre of the PN or a blue
candidate; suspicious due to spurious light curve.
000.7 – 02.7 non-polar M 2-21
000.9 – 02.0 non-polar Bl 3-13
001.2 – 03.0 non-polar H 1-47
002.1 – 02.2 non-polar M 3-20 A single candidate close to the geometric centre of the PN or a blue
candidate.
002.1 – 04.2 non-polar H 1-54
004.1 – 03.8 non-polar KFL 11
004.2 – 03.2 non-polar KFL 10 A single candidate close to the geometric centre of the PN or a blue
candidate.
006.8 – 03.4 non-polar H 2-45
355.6 – 02.7 non-polar H 1-32
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Appendix F
The Abundances in the Bulge PNe
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Table F.1: The abundance ratios for the Bulge PNe in the sample. Apart from the morphological classification all the information in the table
was obtained from Chiappini et al. (2009) and the associated catalogue in VizieR.
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
000.2 – 01.9 Bipolar value 1.1 × 10−1 7.2 × 10−5 2.4 × 10−4 5.0 × 10−6 2.2 × 10−6
upper 1.2 × 10−1 8.2 × 10−5 3.6 × 10−4 6.9 × 10−6 2.7 × 10−6
lower 1.1 × 10−1 6.4 × 10−5 1.7 × 10−4 3.7 × 10−6 1.8 × 10−6
000.3 – 04.6 Bipolar value 1.7 × 10−1 7.3 × 10−4 6.0 × 10−4 2.4 × 10−4 1.2 × 10−5 5.0 × 10−6
upper 1.8 × 10−1 9.1 × 10−4 7.5 × 10−4 3.1 × 10−4 1.5 × 10−5 6.1 × 10−6
lower 1.6 × 10−1 6.0 × 10−4 5.2 × 10−4 1.9 × 10−4 9.3 × 10−6 4.2 × 10−6
000.4 – 01.9 Bipolar value 1.4 × 10−1 2.3 × 10−4 5.9 × 10−4 4.4 × 10−5 1.6 × 10−5 5.4 × 10−6
upper 1.5 × 10−1 3.0 × 10−4 7.5 × 10−4 6.0 × 10−5 2.3 × 10−5 6.7 × 10−6
lower 1.3 × 10−1 1.7 × 10−4 4.9 × 10−4 3.9 × 10−5 1.1 × 10−5 4.5 × 10−6
000.7+03.2 Bipolar value 1.4 × 10−1 4.0 × 10−4
upper 1.5 × 10−1 4.6 × 10−4
lower 1.4 × 10−1 3.7 × 10−4
001.4+05.3 Bipolar value 1.2 × 10−1
upper 1.3 × 10−1
lower 1.0 × 10−1
002.2 – 09.4 Bipolar value 1.3 × 10−1 4.2 × 10−4 7.6 × 10−4 2.9 × 10−4 1.3 × 10−5 4.2 × 10−6
upper 1.4 × 10−1 4.7 × 10−4 8.4 × 10−4 3.2 × 10−4 1.5 × 10−5 4.7 × 10−6
lower 1.2 × 10−1 3.7 × 10−4 6.9 × 10−4 2.4 × 10−4 1.1 × 10−5 3.8 × 10−6
002.6+02.1 Bipolar value 1.5 × 10−1
upper 1.8 × 10−1
lower 1.1 × 10−1
002.7 – 04.8 Bipolar value 1.7 × 10−1 2.5 × 10−4 3.1 × 10−4 5.8 × 10−6 3.1 × 10−6
upper 1.8 × 10−1 2.8 × 10−4 4.3 × 10−4 7.7 × 10−6 3.8 × 10−6
lower 1.6 × 10−1 2.3 × 10−4 2.6 × 10−4 4.5 × 10−6 2.7 × 10−6
003.6+03.1 Bipolar value 1.5 × 10−1 2.5 × 10−4 3.6 × 10−4 6.1 × 10−6
upper 1.6 × 10−1 3.3 × 10−4 5.2 × 10−4 7.8 × 10−6
lower 1.4 × 10−1 2.2 × 10−4 3.1 × 10−4 5.2 × 10−6
003.6 – 02.3 Bipolar value 1.8 × 10−1 4.3 × 10−4 4.1 × 10−4 1.3 × 10−4 6.4 × 10−6 3.3 × 10−6
upper 1.9 × 10−1 5.3 × 10−4 5.2 × 10−4 1.7 × 10−4 8.6 × 10−6 4.0 × 10−6
lower 1.7 × 10−1 3.1 × 10−4 3.3 × 10−4 1.1 × 10−4 3.9 × 10−6 2.8 × 10−6
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Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
006.4+02.0 Bipolar value 1.5 × 10−1 7.4 × 10−4 8.1 × 10−4 2.3 × 10−4 2.8 × 10−5 6.8 × 10−6
upper 1.7 × 10−1 9.1 × 10−4 1.1 × 10−3 3.2 × 10−4 3.9 × 10−5 8.1 × 10−6
lower 1.4 × 10−1 4.8 × 10−4 6.5 × 10−4 2.0 × 10−4 1.9 × 10−5 5.8 × 10−6
007.0 – 06.8 Bipolar value 1.2 × 10−1 2.2 × 10−4 6.4 × 10−4 1.7 × 10−4 1.5 × 10−5 3.6 × 10−6 3.6 × 10−6
upper 1.3 × 10−1 2.5 × 10−4 7.1 × 10−4 2.0 × 10−4 1.8 × 10−5 4.6 × 10−6 4.0 × 10−6
lower 1.2 × 10−1 1.8 × 10−4 5.6 × 10−4 1.6 × 10−4 1.3 × 10−5 2.9 × 10−6 3.3 × 10−6
008.4 – 03.6 Bipolar value 1.9 × 10−4
upper 2.8 × 10−4
lower 1.6 × 10−4
009.8 – 04.6 Bipolar value 1.3 × 10−1 2.7 × 10−4 4.8 × 10−4 1.0 × 10−4 1.2 × 10−5 2.0 × 10−6 3.0 × 10−6 This is said to be an Inner Disc PN.
upper 1.3 × 10−1 3.2 × 10−4 5.5 × 10−4 1.2 × 10−4 1.5 × 10−5 2.4 × 10−6 3.4 × 10−6
lower 1.2 × 10−1 2.2 × 10−4 4.3 × 10−4 9.9 × 10−5 1.1 × 10−5 1.6 × 10−6 2.8 × 10−6
351.9 – 01.9 Bipolar value 1.2 × 10−1 1.9 × 10−4 5.5 × 10−4 1.7 × 10−4 1.0 × 10−5 2.8 × 10−6
upper 1.3 × 10−1 2.2 × 10−4 6.5 × 10−4 1.9 × 10−4 1.2 × 10−5 3.1 × 10−6
lower 1.2 × 10−1 1.4 × 10−4 4.8 × 10−4 1.5 × 10−4 8.7 × 10−6 2.4 × 10−6
354.5+03.3 Bipolar value 1.1 × 10−1
upper 1.3 × 10−1
lower 1.0 × 10−1
355.1 – 06.9 Bipolar value 1.2 × 10−1 3.8 × 10−4 6.2 × 10−4 1.7 × 10−4 1.3 × 10−5 2.9 × 10−6 3.1 × 10−6
upper 1.3 × 10−1 4.5 × 10−4 7.3 × 10−4 2.0 × 10−4 1.5 × 10−5 4.0 × 10−6 3.4 × 10−6
lower 1.1 × 10−1 2.9 × 10−4 5.4 × 10−4 1.6 × 10−4 1.1 × 10−5 2.2 × 10−6 2.8 × 10−6
355.4 – 02.4 Bipolar value 1.6 × 10−1
upper 1.6 × 10−1
lower 1.5 × 10−1
356.9+04.4 Bipolar value 1.3 × 10−1 3.8 × 10−4 2.5 × 10−4 6.4 × 10−5 7.5 × 10−6 8.2 × 10−7 2.8 × 10−6
upper 1.4 × 10−1 5.0 × 10−4 2.9 × 10−4 7.2 × 10−5 9.3 × 10−6 1.2 × 10−6 3.1 × 10−6
lower 1.2 × 10−1 3.4 × 10−4 2.1 × 10−4 5.8 × 10−5 6.4 × 10−6 6.2 × 10−7 2.6 × 10−6
357.1 – 04.7 Bipolar value 2.1 × 10−4
upper 2.8 × 10−4
lower 1.5 × 10−4
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Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
357.5+03.2 Bipolar value 1.4 × 10−1 1.7 × 10−4 1.5 × 10−6 7.0 × 10−6
upper 1.5 × 10−1 2.5 × 10−4 2.1 × 10−6 8.1 × 10−6
lower 1.3 × 10−1 1.3 × 10−4 1.2 × 10−6 6.5 × 10−6
357.6 – 03.3 Bipolar value 1.1 × 10−4
upper 1.6 × 10−4
lower 9.4 × 10−5
358.5 – 04.2 Bipolar value 1.1 × 10−1 6.2 × 10−5 1.9 × 10−4 3.2 × 10−5 5.8 × 10−6 3.4 × 10−7 1.3 × 10−6
upper 1.2 × 10−1 7.3 × 10−5 2.1 × 10−4 3.4 × 10−5 6.6 × 10−6 4.3 × 10−7 1.4 × 10−6
lower 1.0 × 10−1 5.4 × 10−5 1.7 × 10−4 2.5 × 10−5 4.9 × 10−6 2.7 × 10−7 1.1 × 10−6
358.9+03.4 Bipolar value 1.4 × 10−1
upper 1.5 × 10−1
lower 1.3 × 10−1
359.1 – 02.9 Bipolar value 2.0 × 10−1 6.5 × 10−4 8.5 × 10−4 3.7 × 10−4 2.7 × 10−5 6.9 × 10−6
upper 2.2 × 10−1 9.0 × 10−4 1.2 × 10−3 5.5 × 10−4 3.9 × 10−5 9.1 × 10−6
lower 1.8 × 10−1 5.4 × 10−4 7.5 × 10−4 3.0 × 10−4 2.3 × 10−5 5.8 × 10−6
359.3 – 01.8 Bipolar value 1.2 × 10−4
upper 1.7 × 10−4
lower 1.0 × 10−4
359.8+05.6 Bipolar value 9.5 × 10−5 2.1 × 10−4
upper 1.2 × 10−4 2.9 × 10−4
lower 8.1 × 10−5 1.7 × 10−4
359.8+06.9 Bipolar value 9.5 × 10−2 2.9 × 10−4 6.0 × 10−4 1.9 × 10−4 6.2 × 10−6 3.4 × 10−6
upper 1.0 × 10−1 3.4 × 10−4 7.0 × 10−4 2.7 × 10−4 7.7 × 10−6 4.0 × 10−6
lower 8.9 × 10−2 2.3 × 10−4 5.1 × 10−4 1.6 × 10−4 4.7 × 10−6 2.9 × 10−6
000.1 – 02.3 Polar value 2.2 × 10−1 4.4 × 10−4 6.4 × 10−5 1.8 × 10−6
upper 2.7 × 10−1 5.2 × 10−4 9.4 × 10−5 2.0 × 10−6
lower 1.5 × 10−1 3.6 × 10−4 6.0 × 10−5 1.5 × 10−6
000.7 – 03.7 Polar value 1.3 × 10−1 4.6 × 10−5 3.0 × 10−4 6.7 × 10−7 8.5 × 10−7 1.2 × 10−6
upper 1.3 × 10−1 5.3 × 10−5 3.4 × 10−4 7.5 × 10−7 1.1 × 10−6 1.4 × 10−6
lower 1.2 × 10−1 4.0 × 10−5 2.6 × 10−4 6.2 × 10−7 6.3 × 10−7 1.1 × 10−6
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Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
000.9 – 04.8 Polar value 1.2 × 10−1 3.2 × 10−4 4.2 × 10−4 8.8 × 10−5 1.3 × 10−5 5.8 × 10−6 3.4 × 10−6 O[III] temperature used for all ions
upper 1.3 × 10−1 4.0 × 10−4 5.1 × 10−4 1.0 × 10−4 1.5 × 10−5 7.5 × 10−6 3.9 × 10−6
lower 1.2 × 10−1 2.8 × 10−4 3.6 × 10−4 7.6 × 10−5 1.1 × 10−5 4.9 × 10−6 3.1 × 10−6
001.7 – 04.4 Polar value 2.8 × 10−4 2.8 × 10−4
upper 3.2 × 10−4 3.4 × 10−4
lower 2.3 × 10−4 2.2 × 10−4
002.3 – 03.4 Polar value 1.9 × 10−1 7.1 × 10−5
upper 2.1 × 10−1 8.6 × 10−5
lower 1.8 × 10−1 4.2 × 10−5
002.5 – 01.7 Polar value 1.7 × 10−1 4.9 × 10−4 5.7 × 10−4
upper 2.0 × 10−1 6.3 × 10−4 8.5 × 10−4
lower 1.5 × 10−1 3.9 × 10−4 4.8 × 10−4
002.8+01.8 Polar value 1.5 × 10−1 2.9 × 10−4 4.1 × 10−6
upper 1.6 × 10−1 3.4 × 10−4 5.3 × 10−6
lower 1.4 × 10−1 2.6 × 10−4 3.4 × 10−6
002.9 – 03.9 Polar value 1.0 × 10−1 8.0 × 10−5 2.6 × 10−4 5.4 × 10−5 2.5 × 10−6 1.8 × 10−6 1.1 × 10−6 O[III] temperature used for all ions
upper 1.1 × 10−1 8.8 × 10−5 3.0 × 10−4 6.7 × 10−5 3.0 × 10−6 2.2 × 10−6 1.2 × 10−6
lower 1.0 × 10−1 6.3 × 10−5 2.2 × 10−4 5.1 × 10−5 1.8 × 10−6 1.1 × 10−6 9.5 × 10−7
003.7 – 04.6 Polar value 1.2 × 10−1 1.4 × 10−4 4.5 × 10−4 8.9 × 10−5 8.8 × 10−6 1.1 × 10−5 2.6 × 10−6
upper 1.2 × 10−1 1.6 × 10−4 5.2 × 10−4 1.0 × 10−4 1.1 × 10−5 1.5 × 10−5 2.9 × 10−6
lower 1.1 × 10−1 1.1 × 10−4 4.0 × 10−4 8.5 × 10−5 7.4 × 10−6 8.3 × 10−6 2.4 × 10−6
003.8 – 04.3 Polar value 1.4 × 10−1 3.3 × 10−4 4.3 × 10−4 8.5 × 10−5 1.0 × 10−5 2.2 × 10−6 4.2 × 10−6
upper 1.5 × 10−1 4.1 × 10−4 5.2 × 10−4 1.0 × 10−4 1.3 × 10−5 3.1 × 10−6 4.7 × 10−6
lower 1.4 × 10−1 2.7 × 10−4 3.8 × 10−4 8.5 × 10−5 8.7 × 10−6 1.7 × 10−6 3.9 × 10−6
003.9 – 02.3 Polar value 1.5 × 10−1 5.8 × 10−4 9.6 × 10−4 4.2 × 10−4 2.2 × 10−5 8.3 × 10−6
upper 1.6 × 10−1 8.2 × 10−4 1.2 × 10−3 4.9 × 10−4 3.3 × 10−5 9.5 × 10−6
lower 1.4 × 10−1 4.9 × 10−4 7.6 × 10−4 2.8 × 10−4 1.6 × 10−5 7.1 × 10−6
003.9 – 03.1 Polar value 8.7 × 10−2
upper 9.1 × 10−2
lower 8.0 × 10−2
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Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
005.8 – 06.1 Polar value 1.3 × 10−1 3.5 × 10−4 7.1 × 10−4 2.3 × 10−4 1.3 × 10−5 4.0 × 10−6
upper 1.4 × 10−1 4.5 × 10−4 7.9 × 10−4 2.5 × 10−4 1.5 × 10−5 4.3 × 10−6
lower 1.2 × 10−1 3.2 × 10−4 6.5 × 10−4 1.9 × 10−4 1.2 × 10−5 3.6 × 10−6
006.1+08.3 Polar value 1.0 × 10−1 7.0 × 10−5 3.4 × 10−4 7.6 × 10−5 3.5 × 10−6 9.1 × 10−7 8.3 × 10−7 This is said to be an Inner Disc PN.
upper 1.1 × 10−1 8.6 × 10−5 4.0 × 10−4 8.5 × 10−5 4.3 × 10−6 1.3 × 10−6 9.4 × 10−7
lower 9.7 × 10−2 5.8 × 10−5 3.0 × 10−4 6.9 × 10−5 3.1 × 10−6 6.6 × 10−7 7.7 × 10−7
006.3+04.4 Polar value 1.1 × 10−1 6.1 × 10−5 3.7 × 10−4 8.1 × 10−5 4.3 × 10−6 1.1 × 10−6 O[III] temperature used for all ions
upper 1.2 × 10−1 7.0 × 10−5 4.4 × 10−4 8.8 × 10−5 5.1 × 10−6 1.2 × 10−6
lower 1.0 × 10−1 5.1 × 10−5 3.2 × 10−4 7.2 × 10−5 3.3 × 10−6 1.0 × 10−6
006.4 – 04.6 Polar value 1.6 × 10−1 4.7 × 10−4 3.5 × 10−6
upper 1.7 × 10−1 5.2 × 10−4 3.9 × 10−6
lower 1.5 × 10−1 4.0 × 10−4 3.0 × 10−6
006.8+02.3 Polar value 1.2 × 10−1 1.1 × 10−4 2.8 × 10−4 4.5 × 10−5 2.9 × 10−6 9.0 × 10−7 O[III] temperature used for all ions
upper 1.2 × 10−1 1.3 × 10−4 3.1 × 10−4 4.8 × 10−5 3.3 × 10−6 1.1 × 10−6
lower 1.1 × 10−1 9.3 × 10−5 2.3 × 10−4 3.5 × 10−5 2.4 × 10−6 6.8 × 10−7
007.8 – 03.7 Polar value 1.8 × 10−1 5.5 × 10−4 4.7 × 10−4 1.3 × 10−5 4.2 × 10−6
upper 1.9 × 10−1 7.2 × 10−4 5.9 × 10−4 1.9 × 10−5 4.9 × 10−6
lower 1.7 × 10−1 4.4 × 10−4 4.0 × 10−4 9.7 × 10−6 3.6 × 10−6
009.4 – 09.8 Polar value 1.4 × 10−1 1.8 × 10−4 3.9 × 10−4 1.4 × 10−4 9.7 × 10−6 8.9 × 10−6 2.0 × 10−6 This is said to be an Inner Disc PN.
upper 1.5 × 10−1 2.2 × 10−4 4.6 × 10−4 1.6 × 10−4 1.2 × 10−5 1.2 × 10−5 2.2 × 10−6
lower 1.3 × 10−1 1.5 × 10−4 3.5 × 10−4 1.2 × 10−4 8.1 × 10−6 6.8 × 10−6 1.9 × 10−6
351.1+04.8 Polar value 1.0 × 10−1 1.1 × 10−4 4.2 × 10−4 9.0 × 10−5 8.6 × 10−6 3.7 × 10−6 3.4 × 10−6 This is said to be an Inner Disc PN.
upper 1.1 × 10−1 1.3 × 10−4 4.8 × 10−4 1.1 × 10−4 1.0 × 10−5 4.9 × 10−6 3.9 × 10−6
lower 9.5 × 10−2 8.8 × 10−5 3.7 × 10−4 8.1 × 10−5 7.0 × 10−6 2.6 × 10−6 3.1 × 10−6
352.1+05.1 Polar value 1.4 × 10−1 3.7 × 10−4 5.1 × 10−4 1.6 × 10−4 1.1 × 10−5 1.8 × 10−6 4.5 × 10−6
upper 1.5 × 10−1 4.2 × 10−4 5.9 × 10−4 1.8 × 10−4 1.2 × 10−5 2.1 × 10−6 5.0 × 10−6
lower 1.4 × 10−1 3.0 × 10−4 4.5 × 10−4 1.3 × 10−4 9.7 × 10−6 1.3 × 10−6 4.0 × 10−6
352.6+03.0 Polar value 1.5 × 10−1 4.8 × 10−4 5.8 × 10−4 1.1 × 10−5 6.4 × 10−6
upper 1.7 × 10−1 5.7 × 10−4 7.5 × 10−4 1.4 × 10−5 8.4 × 10−6
lower 1.4 × 10−1 4.3 × 10−4 4.6 × 10−4 8.4 × 10−6 4.6 × 10−6
296
TH
E
M
O
RPH
O
LO
G
Y
O
F
PLANETARY
NEBU
LAE
Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
353.7+06.3 Polar value 1.4 × 10−1 8.1 × 10−5 4.1 × 10−4 6.9 × 10−5 3.7 × 10−6 2.8 × 10−6
upper 1.5 × 10−1 9.3 × 10−5 4.8 × 10−4 8.1 × 10−5 4.6 × 10−6 3.2 × 10−6
lower 1.4 × 10−1 7.1 × 10−5 3.2 × 10−4 4.7 × 10−5 2.8 × 10−6 2.4 × 10−6
355.9 – 04.2 Polar value 1.4 × 10−1 5.4 × 10−4
upper 1.5 × 10−1 7.8 × 10−4
lower 1.3 × 10−1 4.2 × 10−4
357.0+02.4 Polar value 1.6 × 10−1 3.9 × 10−4
upper 1.6 × 10−1 4.3 × 10−4
lower 1.5 × 10−1 3.5 × 10−4
357.1+03.6 Polar value 1.2 × 10−1 1.3 × 10−4 4.8 × 10−4 8.5 × 10−5 9.9 × 10−6 4.1 × 10−6 2.9 × 10−6
upper 1.3 × 10−1 1.5 × 10−4 5.3 × 10−4 9.8 × 10−5 1.1 × 10−5 5.1 × 10−6 3.2 × 10−6
lower 1.1 × 10−1 1.0 × 10−4 4.2 × 10−4 7.9 × 10−5 7.9 × 10−6 2.8 × 10−6 2.5 × 10−6
359.0 – 04.1 Polar value 1.7 × 10−1 5.6 × 10−4 5.5 × 10−4 2.8 × 10−5 6.1 × 10−6
upper 1.8 × 10−1 7.8 × 10−4 7.7 × 10−4 4.1 × 10−5 8.1 × 10−6
lower 1.5 × 10−1 4.8 × 10−4 5.1 × 10−4 2.4 × 10−5 5.1 × 10−6
359.6 – 04.8 Polar value 2.2 × 10−1 1.7 × 10−5 1.7 × 10−4 4.3 × 10−5 2.1 × 10−6 1.1 × 10−6 1.2 × 10−6
upper 2.3 × 10−1 2.2 × 10−5 2.0 × 10−4 4.5 × 10−5 2.7 × 10−6 1.4 × 10−6 1.5 × 10−6
lower 2.1 × 10−1 1.5 × 10−5 1.5 × 10−4 3.5 × 10−5 1.7 × 10−6 8.9 × 10−7 1.1 × 10−6
359.7 – 01.8 Polar value 9.9 × 10−2 4.8 × 10−5 2.1 × 10−4 5.3 × 10−7
upper 1.0 × 10−1 5.7 × 10−5 2.4 × 10−4 6.3 × 10−7
lower 9.1 × 10−2 4.2 × 10−5 1.7 × 10−4 4.3 × 10−7
359.9 – 04.5 Polar value 1.4 × 10−1 8.7 × 10−4 7.4 × 10−4 2.1 × 10−4 2.1 × 10−5 5.9 × 10−6 4.6 × 10−6
upper 1.5 × 10−1 1.1 × 10−3 8.6 × 10−4 2.4 × 10−4 2.7 × 10−5 8.1 × 10−6 5.3 × 10−6
lower 1.3 × 10−1 7.6 × 10−4 6.7 × 10−4 1.8 × 10−4 1.9 × 10−5 4.7 × 10−6 4.1 × 10−6
000.1+04.3 Non Polar value 1.1 × 10−1 5.8 × 10−5 O[III] temperature used for all ions
upper 1.2 × 10−1 8.5 × 10−5
lower 1.0 × 10−1 4.9 × 10−5
000.7 – 02.7 Non Polar value 1.2 × 10−1 5.6 × 10−5 2.6 × 10−4 4.9 × 10−5 2.0 × 10−6 6.6 × 10−7 6.8 × 10−7 O[III] temperature used for all ions
upper 1.2 × 10−1 5.9 × 10−5 2.9 × 10−4 5.7 × 10−5 2.3 × 10−6 8.2 × 10−7 7.5 × 10−7
lower 1.1 × 10−1 4.7 × 10−5 2.2 × 10−4 4.6 × 10−5 1.6 × 10−6 5.1 × 10−7 6.1 × 10−7
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Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
000.9 – 02.0 Non Polar value 1.1 × 10−1 2.8 × 10−5 5.9 × 10−4 1.6 × 10−4 2.8 × 10−6
upper 1.2 × 10−1 3.9 × 10−5 8.0 × 10−4 2.2 × 10−4 3.5 × 10−6
lower 1.1 × 10−1 1.3 × 10−5 4.7 × 10−4 1.3 × 10−4 2.4 × 10−6
001.7+05.7 Non Polar value 1.0 × 10−1 3.3 × 10−5 1.6 × 10−4 2.7 × 10−5 2.3 × 10−6 6.5 × 10−7 O[III] temperature used for all ions
upper 1.1 × 10−1 3.7 × 10−5 1.9 × 10−4 3.1 × 10−5 2.6 × 10−6 7.1 × 10−7
lower 1.0 × 10−1 2.7 × 10−5 1.4 × 10−4 2.4 × 10−5 1.8 × 10−6 5.7 × 10−7
002.0 – 06.2 Non Polar value 1.1 × 10−1 5.9 × 10−5 5.2 × 10−4 1.2 × 10−4 9.1 × 10−6 1.5 × 10−5 1.9 × 10−6
upper 1.2 × 10−1 7.0 × 10−5 5.8 × 10−4 1.3 × 10−4 1.1 × 10−5 2.0 × 10−5 2.1 × 10−6
lower 1.0 × 10−1 5.1 × 10−5 4.6 × 10−4 1.0 × 10−4 8.1 × 10−6 1.3 × 10−5 1.7 × 10−6
002.1 – 02.2 Non Polar value 1.1 × 10−1 6.9 × 10−5 4.0 × 10−4 8.4 × 10−5 4.8 × 10−6 1.7 × 10−6 1.2 × 10−6 O[III] temperature used for all ions
upper 1.2 × 10−1 7.3 × 10−5 4.4 × 10−4 9.5 × 10−5 5.2 × 10−6 2.0 × 10−6 1.3 × 10−6
lower 1.1 × 10−1 5.6 × 10−5 3.4 × 10−4 7.7 × 10−5 4.1 × 10−6 1.3 × 10−6 1.1 × 10−6
002.1 – 04.2 Non Polar value 9.4 × 10−2 3.3 × 10−5 3.0 × 10−4 3.8 × 10−5 4.1 × 10−6 9.3 × 10−7 O[III] temperature used for all ions
upper 9.9 × 10−2 3.6 × 10−5 3.5 × 10−4 4.9 × 10−5 4.6 × 10−6 1.0 × 10−6
lower 8.9 × 10−2 2.9 × 10−5 2.7 × 10−4 3.6 × 10−5 3.5 × 10−6 8.2 × 10−7
004.1 – 03.8 Non Polar value 1.1 × 10−1 8.1 × 10−5 2.5 × 10−4 5.6 × 10−5 9.8 × 10−7 1.3 × 10−6
upper 1.2 × 10−1 9.6 × 10−5 3.0 × 10−4 6.9 × 10−5 1.4 × 10−6 1.5 × 10−6
lower 9.7 × 10−2 6.2 × 10−5 2.1 × 10−4 5.1 × 10−5 8.0 × 10−7 1.1 × 10−6
004.2 – 04.3 Non Polar value 1.2 × 10−1 2.9 × 10−5 3.8 × 10−4 3.2 × 10−6 1.4 × 10−6
upper 1.2 × 10−1 4.0 × 10−5 4.7 × 10−4 4.1 × 10−6 1.6 × 10−6
lower 1.1 × 10−1 2.2 × 10−5 3.5 × 10−4 2.4 × 10−6 1.2 × 10−6
006.8 – 03.4 Non Polar value 1.0 × 10−1 7.0 × 10−5 2.5 × 10−4 3.4 × 10−6 3.2 × 10−6 6.9 × 10−7 O[III] temperature used for all ions
upper 1.1 × 10−1 9.3 × 10−5 2.8 × 10−4 3.9 × 10−6 3.6 × 10−6 7.7 × 10−7
lower 9.7 × 10−2 6.2 × 10−5 2.2 × 10−4 3.1 × 10−6 2.7 × 10−6 6.5 × 10−7
007.8 – 04.4 Non Polar value 2.5 × 10−4
upper 3.5 × 10−4
lower 2.0 × 10−4
352.0 – 04.6 Non Polar value 1.6 × 10−1 8.5 × 10−4 5.5 × 10−4 1.7 × 10−4 1.5 × 10−5 1.0 × 10−6 5.5 × 10−6
upper 1.7 × 10−1 1.0 × 10−3 6.3 × 10−4 1.9 × 10−4 1.8 × 10−5 1.3 × 10−6 6.3 × 10−6
lower 1.5 × 10−1 7.0 × 10−4 5.0 × 10−4 1.5 × 10−4 1.3 × 10−5 8.2 × 10−7 5.2 × 10−6
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Table F.1 (continued):
PNG Morphology Measurement He/H N/H O/H Ne/H S/H Cl/H Ar/H Notes
353.3+06.3 Non Polar value 9.9 × 10−2 7.2 × 10−5 2.6 × 10−4 4.8 × 10−5 4.3 × 10−6 1.7 × 10−6 7.9 × 10−7
upper 1.0 × 10−1 8.8 × 10−5 3.0 × 10−4 5.3 × 10−5 5.2 × 10−6 2.4 × 10−6 8.6 × 10−7
lower 9.3 × 10−2 6.0 × 10−5 2.3 × 10−4 4.2 × 10−5 3.7 × 10−6 1.3 × 10−6 7.3 × 10−7
355.6 – 02.7 Non Polar value 1.1 × 10−1 2.4 × 10−5 3.9 × 10−4 4.4 × 10−6 1.8 × 10−6 O[III] temperature used for all ions
upper 1.2 × 10−1 3.3 × 10−5 5.2 × 10−4 6.1 × 10−6 2.3 × 10−6
lower 1.1 × 10−1 2.0 × 10−5 3.3 × 10−4 3.6 × 10−6 1.5 × 10−6
355.9+03.6 Non Polar value 2.6 × 10−5 2.0 × 10−4 6.9 × 10−6 O[III] temperature used for all ions
upper 3.0 × 10−5 2.4 × 10−4 8.1 × 10−6
lower 1.5 × 10−5 8.3 × 10−5 2.5 × 10−6
358.2+03.5 Non Polar value 1.0 × 10−1 6.3 × 10−5 3.5 × 10−4 4.1 × 10−6 7.0 × 10−7 O[III] temperature used for all ions
upper 1.1 × 10−1 9.1 × 10−5 4.3 × 10−4 5.3 × 10−6 9.1 × 10−7
lower 9.6 × 10−2 5.1 × 10−5 3.0 × 10−4 3.6 × 10−6 5.7 × 10−7
358.2+04.2 Non Polar value 1.4 × 10−1
upper 1.4 × 10−1
lower 1.2 × 10−1
BRYAN
REES
299
F: THE ABUNDANCES IN THE BULGE PNE
0.6
0.8
1
1.2
1.4
1.6
1.8
x 10
4
Bipolar Polar Non−polar
T e
[N
II] 
/ K
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
0
10
20
30
40
50
60
70
80
90
100
T
e
[NII] / K
pe
rc
en
ta
ge
 o
f P
Ne
 in
 in
te
rv
al
 
 
bipolar (29)
polar (23)
non−polar (17)
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
x 10
4
Bipolar Polar Non−polar
T e
[O
III]
 / K
0 2000 4000 6000 8000 10000 12000 14000 16000
0
10
20
30
40
50
60
70
80
90
100
T
e
[OIII] / K
pe
rc
en
ta
ge
 o
f P
Ne
 in
 in
te
rv
al
 
 
bipolar (16)
polar (24)
non−polar (14)
Figure F.1: Boxplots and histograms of the electron temperature and density for those PNe for
which they were available from Chiappini et al. (2009); Gorny et al. (2010). The PNe where
values for which the uncertainties exceeded 0.3 dex and PN G 355.9+03.6 which had a stated
electron density of 100000 cm−3 have been excluded.
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Figure F.2: Boxplots of the ratios of He, N, O, Ne and Cl abundances to the equivalent argon
(EqAr) abundance for those PNe for which the former abundances together with those of S and Ar
were available from Chiappini et al. (2009); Gorny et al. (2010). The PNe where values for which
the uncertainties exceeded 0.3 dex and PN G 355.9+03.6 which had a stated electron density of
100000 cm−3 have been excluded.
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Figure F.3: Histograms of the ratios of He, N, O, Ne and Cl abundances to the equivalent argon
(EqAr) abundance for those PNe for which the former abundances together with those of S and Ar
were available from Chiappini et al. (2009); Gorny et al. (2010). The PNe where values for which
the uncertainties exceeded 0.3 dex and PN G 355.9+03.6 which had a stated electron density of
100000 cm−3 have been excluded.
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Figure F.4: The relationships between the N/O ratio and the abundances of He, N, O, Ne and Cl
in terms of the EqAr abundance.
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Figure F.5: The relationships between the N/O ratio and the He/H ratio together with a histogram
of the He/H ratio. The ratios for all the PNe in the sample for which they were available is shown
at the top left. The regressions show the samples for each morphological class after outliers have
been removed. The outliers were PNG 356.2+04.4 for the bipolar class, PNG 359.6–04.8 and
359.2–04.5 for the polar class and PNG 352.0–04.6 for the non-polar class.
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Figure F.6: The relationships between the Ne and O abundances scaled to EqAr in log-log form.
The relationship for all the PNe in the sample for which they were available is shown at the top
left. The remainder show the results for each morphological class after one outlier, the bipolar
PNG 000.4–01.2 has been removed. The elliptical class is the aggregation of the polar class and
the non-polar class.
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Figure F.7: The abundances of He, N, O, Ne and Cl in terms of the EqAr abundance plotted
against l, bandr =
√(l2 + b2).
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Figure F.8: The relationship between PN size and the abundances of He, N, O, Ne and Cl in
terms of the EqAr abundance.
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Appendix G
The Orientations of the Bulge PNe
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Figure G.1: The finger plots for the GPA in the area subsamples Each dot represents an individual
GPA in the subsample.
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Figure G.2: The rose plots for the area subsamples The radial scale indicates the number of GPA
in the angular interval.
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Figure G.3: The extended quantile-quantile plots for the GPA in the area subsamples The dots
indicate the individual GPA in the subsample.
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